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Biomaterials are natural or synthetic in origin materials ‘other than drug’ or the combination of 
two or more materials that can be used for some period for the replacement or treatment of any 
organs, tissue, or body. Metallic biomaterials like titanium, stainless steel, and cobalt alloys are 
notable materials that are adapted and used for medical applications purpose due to their favorable 
properties such as toughness, relatively low rate of corrosion, and excellent strength. Biomaterials 
are essential for the replacement of human joints and requires a long period of time such as 15 
years to 20 years for older ages and more than 25 years above for younger age patients to serve as 
implant in their body and therefore, it is necessary to prolong the service life of biomaterials. In 
this study, the surface modification process was used for the enhancement of existing materials to 
improve the surface properties of the samples.  
For this research work, radio-frequency magnetron sputtering was considered for the deposition 
of the Hydroxyapatite (HAP) thin-film coating on stainless steel.  This is due to its potential surface 
modification capability of high deposition rate, strong bond affinity, low cost of production, and 
capability to deposit insulating materials since Hydroxyapatite is known to be a good 
reinforcement for surface modification due to its favorable properties such as excellent bioactive 
and biocompatibility. Therefore, RF- magnetron sputtering was used for the deposition of a 
nanostructured thin film of Hydroxyapatite ceramic on the surface of stainless steel AISI 304. The 
RF sputtering process parameters (such as the RF-power and the deposition time in the deposition 
process) were characterized/optimized by Taguchi analysis, and evaluating the thin film phases 
and wear resistance, and the corrosion resistance was determined by electrochemical techniques. 
The scanning electron microscope (SEM) equipped with electron discharge microscopy, the 
atomic force microscope (AFM), X-ray diffraction, and optical microscopy were used to 
characterize the properties of the HAP thin-film coatings. The mechanical property and the 
tribological properties of the HAP coating were measured using Vickers hardness and, micro 
scratch tester. The electrochemical corrosion technique was used to analyze the corrosion behavior 




The surface morphology via SEM results obtained showed that surface coating has similar 
morphologies and geometry features such as nearly equiaxed uniform and homogenous coating on 
the substrate surface. The X-ray diffraction patterns of the HAP coating show the increases in the 
RF–power process deposition parameter led to increasing in the HAP film diffraction peak. Also, 
the result show as the sputtering deposition time increases, it led to increases in the coating 
thickness. The results obtained for the topography of the HAP coating revealed that the surface 
roughness of the coating reduces as the RF-power of the sputtering process parameters increases. 
The electrochemical corrosion test shows that the HAP thin film coating performance of the anodic 
polarization is quite different, and the anodic polarization exhibits different performance with the 
coating showing more shift toward the positive potential as the sputtering RF-power increases. 
Hence, show the sputtering RF-power parameter is the most effective on the coating. The result 
obtained from the macroscratch test for the tribological behaviour revealed shows the wear rate of 
the coating reduces as the RF-power increases, and the mechanical properties such as hardness of 
the substrate also influence the tribology behaviour. 
Taguchi analysis used to analyze the contribution of radiofrequency magnetron sputtering process 
parameters on the output response revealed that there is little variance in the output response and 
the magnetron sputtering RF power process parameter is the most significant parameter that 
influenced the thin film coatings, hence the process parameter combinations employed in this study 
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GLOSSARY OF TERMS 
 
Chemical Vapor Deposition is a process where one or more volatile precursors are transported 
via the vapor phase to the reaction chamber, where they decompose 
on a heated substrate. 
DC magnetron Sputtering This is a variant of magnetron sputtering where the source of 
plasma generation is direct current. 
 Homogeneous                     is the material capacity or a system to possess the same properties 
irrespective of the point of sampling. 
Magnetron Sputtering is a deposition technology involving a gaseous plasma that is 
generated and confined to a space containing the material to be 
deposited with the aid of very strong magnets to confine the 
electrons in the plasma at or near the surface of the target. 
Nucleation  The initial process that occurs in the formation of a thin film from a 
target, in which a small number of ions, atoms, or molecules become 
arranged in a pattern characteristic of a crystalline solid, forming a 
site upon which additional particles are deposited as the crystal 
grows. 
Plasma  An ionized gas consisting of positive ions and free electrons in 
proportions resulting in no overall electric charge, typically at low 
pressures or at high temperatures. 
Physical Vapor Deposition is a vaporization coating technique that involves the transfer of 
material on an atomic level under vacuum conditions. 
RF Magnetron Sputtering This is a variant of magnetron sputtering where the source of plasma 
generation is radio frequency or alternating current. 
xvii 
 
Structure Zone Model It is a model used to classify the morphology of thin films deposited 
by different coating techniques. 
Taguchi It is a quality control methodology that combines control charts and 
process control with the product and process design to achieve a 
robust total design.  
Thin-film is a layer of material ranging from fractions of a nanometre 

















1.1 THEORETICAL BACKGROUND 
 
Foreign materials have been used in and out of the human body as an implant for the past centuries. 
There are several reports indicating bone replacement materials for repairing seriously damaged 
tissues from over 2000 years ago [1]. Nowadays, biomaterials are essential to biomedical 
applications especially for the hard tissue’s replacement in the artificial implant. The increasing 
number of elderly aged people and exposures to the accident has increased the demand for 
damaged tissue implant replacement [2][3]. In the early 1900s, there was the introduction of 
metallic implants from vanadium steels. At this stage, material and their problem of design that 
result in premature loss of implant due to corrosion, mechanical failures, and biocompatibility 
were identified by the scientists [2]. Stainless steel was introduced later in the 1920s [2][4], and at 
this stage, it was improved to better corrosion resistance and stronger compared to vanadium steel 
and it led to the rapid development of the biomedical device. While In the 1960s and 1970s, the 
first generations of biomaterial were for the development of routine uses of biomedical implant 
and device. Since then, the biomedical industries have evolved significantly, and today metallic 
biomaterials such as titanium alloy, cobalt-based alloy, and stainless steel are the most widely used 
metallic implant [2][3]. All these metal alloys contained a different amount of metal elements such 
as chromium, vanadium, nickel, vanadium, and aluminum. The common features of these metal 
alloys are that they are passive, i.e., they form a uniform-protective layer on the surfaces once in 
contact with the fluid in the human body, which reduced their rate of corrosion once implanted. 
However, no metal or alloy is completely inert in vivo [6][5], they degraded with time when 
subjected to different mechanical conditions or exposed to fluid for long period of time. It has been 
shown that metallic implants and prostheses used in the human body can degrade from two main 
mechanisms such as mechanical-assisted corrosion or corrosion. This mechanism reduces the 
service life of the implants in the patient's body [5].  
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The selection of proper biomaterials highly is dependent on its application. Selected biomaterials 
should exhibit several essentials characteristics such as excellent biocompatibility, 
osseointegration, excellent corrosion and resistant rate of wear, high hardness, ductility, and good 
mechanical properties [6]. However, stainless steel is the most common metallic material used for 
biomaterial because of its advantages in mechanical strength, cost, manufacturing implants, and 
deformation of implant surgery [4], but stainless steel is not inherent to bio functional properties 
such as blood compatibility, osteoconductive, and bioactivity [9].  
To curb these limitations, it is imperative to improve the surface properties with none or minimal 
change to the overall bulk properties of the material. Coating surface with Hydroxyapatite (HA) 
materials with the development of nanotechnology, has been noticed to have gained considerable 
attention for the adsorption, catalysis, and optical applications, due to its size similarity, 
crystallography, and chemical compositions with hard tissues in human. Hydroxyapatite (HA) has 
outstanding properties such as biocompatibility, bioactivity, osteoconductive, nontoxicity, and 
non-inflammatory [7]. Therefore, the key reason for depositing HA thin film coatings on the 
metallic substrate is to improve upon the metal mechanical properties such as load-bearing ability 
and also, to take advantage of the coating’s chemical similarity and biocompatibility with the bone 
[8].  
Many techniques can be used to improve the surface properties and grow nanostructured materials 
or thin film on biomaterial. This thin film deposition techniques are broadly classified into two, 
namely physical vapor deposition (PVD) and chemical vapor deposition (CVD). PVD technique 
is a process that involves the physical ejection of materials such as atoms or molecules and 
condensation and nucleation of these atoms onto a substrate, the basic PVD processes are 
evaporation, sputtering and ion plating while, chemical vapor deposition techniques are 
thermodynamically a comprehensive process that involves chemical reactions under specific 
conditions such as temperature, pressure, reaction rates, and momentum, mass, and energy 
transport [9][10]. PVD quality and the characteristic of thin films can be influenced by its factors 
like deposition rate, pressure, target to substrate distance, and the substrate temperature [11]. 
Therefore, PVD techniques will be used in this research due to its advantages over the CVD 
process on depositing hydroxyapatite target as reported for possessing better adhesion thin film, 
good uniformity, and the ability of radio frequency magnetron sputtering to allow control of the 
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Ca/P composition coating within a broad range and form a dense on the substrate surface [12][13]. 
The major variants of PVD are listed in Figure 1.1 below. 
 
Figure 1.1 Variant of PVD deposition technique [10] 
 
Sputtering is a vital and prominent procedure of all the PVD processes. It is a non-thermal 
vaporization process which makes individual atom escape from the surface of the target because 
of atomic collisions cascade by the suitable high ion bombardment. Unlike evaporation, the source 
created by ion impact the target. Also, the target to substrate distance is shorter, which makes it 
outperformed other PVD processes with more functionality and performance like improved 
adhesion and thicker film [10]. The sputtering system comprises an evacuated chamber that 
contained a metallic cathode and anode [10] for obtaining glow discharges in the residual gases in 
the chamber. Additionally, an applied voltage in the several KeV order with over 0.01 mbar 
pressure is sufficient for the deposition of the films. The sputtering processes depend on the 
released ion’s bombardment from the discharged to the molecules in the cathode leading to the 
molecule’s liberation from the cathode with higher kinetic energy. The bombarding ion's atomic 
weight should be near to the material of the target to increase the momentum transferred. These 
molecules moved in straight lines and strike the anode to form a dense coating. The sputtering 
system diagram is shown below in Figure 1.2 [10]. 
The sputtering process has numerous process parameters that are controlled to produce a 
reproducible process and products, these include deposition substrates temperature, allowable 
gaseous contaminations, rate of sputtering, gas pressure, the voltage of the sputtering targets 
(which affect productions of high energy reflected neutrals), uniformity of the sputtering plasma, 
geometry of the systems, con-current bombardment condition on the surfaces of the films growing 
film during the depositions for reactive deposition, uniformity, and density of the reactive gas and 
plasma activation uniformity [14]. Furthermore, some applications of sputter depositions include: 
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single and multilayer metal conductor films for microelectronics and semiconductor devices, 
compound conductor films for semiconductor electrodes, barrier layers for semiconductor 
metallization, metallic optical coatings (reflective, partially reflective), dielectric optical coatings 
(AR and selective reflective), transparent electrical conductors, electrically conductive 
compounds, transparent gas/vapor permeation barriers, diffraction gratings, photomask, (e.g. Mo, 
Cr, W.); wear and erosion resistance application (tool coatings), decorative application, decorative 
and wear resistance applications (e.g. nano-layers and nano-composites); dry lubricant films – 
electrically nonconductive, dry lubricant films – electrically conductive, free-standing wire, foils, 




Figure 1.2. Sputtering system diagram [10] 
 
The sputtering processes have several advantages such as easily formation of high melting point 
materials, similar composition between the films deposited and target materials composition, 
availability of sputtering technique usage for ultrahigh vacuum application and it gives ability to 
coat large area uniformly, excellent film density, very good material adhesion, dielectric materials 




The two common types of magnetron sputtering are direct current (DC) magnetron sputtering and 
radio frequency (RF) magnetron sputtering. Direct current (DC) magnetron sputtering depends on 
direct current power, which is used generally with the electrical conductivity target material. The 
RF magnetron sputtering uses radio frequency power for most dielectric material [10]. 
Consequently, the purpose of this research is to enhance the surface property of stainless steel for 
biomedical applications by depositing hydroxyapatite HA on stainless steel (substrate) by RF-
magnetron sputtering. This work presents the effect of process parameters of RF-power and 
deposition time on quality sputtering process, chemical composition, structure, phases, 
topography, tribological and mechanical properties, and corrosion resistance performance of HA 
coating deposited by RF sputtering on stainless steel AISI 304.  
 
1.2 THE PROBLEM STATEMENT  
 
Stainless steels have the potential for application in biomedical implants. However, they are 
limited by inferior biocompatibility, low corrosion resistance, and osseointegration [16]. Surface 
modification techniques can greatly improve their properties for such applications. HA is known 
to be a good reinforcement for surface modification due to its corrosion and wear and resistance 
and can be used to improve the surface of the stainless-steel properties. The challenge with 
depositing HA on metallic substrates is the difference in lattice match since HA is a ceramic. As 
such, there is a need to undertake optimization studies to understand the best combination of 




This research work aims to deposit, grow, characterize, and optimize the properties of 
nanostructured Hydroxyapatite target on stainless steel substrate by radio frequency (RF) 




The objectives of this research are stated below: 
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• To conduct a detailed literature study on the current state of radio-frequency magnetron 
sputtering of HA for biomedical applications 
• To determine the relationship between the sputtering parameters, using the Taguchi 
optimization method. 




 Hydroxyapatite (target) will be deposited on stainless steel (substrate) through the radio frequency 
magnetron sputtering deposition technique. This research will add to the ongoing exploration of 
stainless steel for biomedical implants and lessen the excessive dependence on Ti alloy which are 
quite expensive, possess inferior wear properties and oxygen diffusion during heat treatment and 
fabrication [17]. Furthermore, it will put green light and a better understanding of thin-film coating, 
particularly by radio frequency sputtering deposition techniques for combating corrosion and wear 
failure of stainless-steel in various industries. Hence, biomedical material in the implant such as 
stainless steel requires some surface properties such as biocompatibility, osseointegration, wear, 
and corrosion resistance which hydroxyapatite (HA) has an outstanding property of 
biocompatibility, bioactivity, osteoconductivity, and good corrosion resistance. Therefore, will 
take advantage of both properties for the reduction in degradation in biomedical applications, cost-
saving, provide solutions to the failure of stainless steel in biomedical applications, thereby 
extending the service life, enabling applications of sputtering technology, and contribute to the 
better understanding or insight of sputtering techniques particularly radio frequency (RF) 
magnetron sputtering.  
 
1.6 HYPOTHESIS STATEMENT 
 
Hydroxyapatite (HA) will be deposited on stainless teel (SS) alloy via radio frequency magnetron 
sputtering. Different material characterization techniques will be conducted to determine the bond 
strength and effect of the thin film on the mechanical and surface properties. It is envisaged that 
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the Hydroxyapatite thin film on stainless steel film will improve the substrate surface properties 
such as wear resistance, corrosion resistance, biocompatibility, and bio functional properties such 
as blood compatibility, osteoconductivity, and bioactivity. Additionally, the material 
characterizations employed in this research will ultimately lead to the optimization for the best 
methodology of depositing a thin film on stainless steel alloys. 
 
1.7 THESIS OVERVIEW 
  
Chapter one briefly explained the theoretical background of the research. The problem statement, 
the aim, objective, and justification of the research are logically elaborated and well presented. 
Chapter Two reviews the biomaterials fundamental, surface engineering, the thin film and its 
processes, advanced deposition techniques with more attention focused on magnetron sputtering. 
Furthermore, the review of Hydroxyapatite (HA) sputtering and hydroxyapatite coating on 
stainless steel alloy was also presented. 
 
Chapter Three highlights the research methodology used for this project. This includes the 
substrate and the target materials discussion, the mode of operation of RF magnetron sputtering 
mode of operation, in addition to a detailed explanation of the analytical characterization used for 
measuring the properties of the thin films and the optimization technique employed for the HA 
sputtering is presented. 
 
Chapter Four presents the discussion of the result, and it is divided into two sections (A and B) the 
section A focused on the properties of the film's characterization while section B focused on the 
RF- sputtering process parameters optimization. 
 
Chapter Five draws the conclusions derived from the findings and gave recommendations for 









Biomaterials are essential materials that are used and adopted for medical application purposes 
[18]; they are natural or fabricated materials intended to function in the bio environment 
appropriately [19]. The human body has limited capabilities for regeneration [20], and with the 
wars, sports-related injury, and aging population, there is an accrescent requirement for hard tissue 
replacement such as bone [19], which has resulted in the limitation to treatments that include donor 
site morbidity and scarcity of donors [20]. Therefore, these circumstances further support the need 
for biological substitutes [20], which biomaterials in the form of the implant such as sutures, bone 
plates, joint replacement, and medical devices (such as a pacemaker, artificial heart, blood tubes, 
and so on) are used widely to replaced and restored the functions of in traumatizing or degenerated 
organs or tissues and thus enhanced the qualities of the patients' life [21]. The bio implant clinical 
objective is to reduce the pains and improve better ease of the joint movement while scientists 
provide minimal physiological stress to the system of the remaining bones so that the prosthetic 
materials and  bone integrity and functionality are maintained for a long service life [22]. 
Furthermore, biomaterial should remain intact in the human body for a long period of time and 
should not throughout the lifetime of the patient. It is essential and required for biomaterials to last 
for long period of time such as 15 years to 20 years for older ages and more than 25 years above 
for younger age patients [23]. Therefore, biomaterial/implant should exhibit properties for them to 
survive for the lifetime of the patient. However, the success of implants or biomaterials depends 
on three major factors such as [23]: 
i. mechanical properties;  
ii. chemical properties; and 
iii. tribological properties.  
 
Biomaterial finds application in the following areas [18]: 
i. Replacement of joint; 
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ii. Bone plates; 
iii. The cement of bone; 
iv. Artificial ligaments and tendons; 
v. Dental implants for tooth fixation; 
vi. Blood vessel prostheses; 
vii. Heart valves;   
viii. Skin repair devices. 
 
The biomaterial can be manufacture from metallic materials, ceramic, and polymers  [22]. 
 
2.1.1 METALLIC MATERIAL   
 
Metallic biomaterials are mostly used for load-bearing implants and internal fixation devices [19]. 
The processing methods and metal purities determine the properties of the implants [19]. Some 
featured metallic material's properties are its high tensile strengths, high yield strengths, cyclic 
loading resistance (fatigue), time-dependent deformations resistance (creep), and resistance to 
corrosion [19]. Biomaterials consisted of different steel formulations which resulted in causing 
harmful reactions to the human body, during the early twenties. It was not before the 1920s when 
the stainless-steel 316 was introduced, material scientists were able to identify the materials that 
were compatible with the human body [24]. Recently, the majority of artificial joints are made of 
metallic components such as titanium alloys or Co–Cr alloys, articulating against polymers such 
as ultrahigh molecular weight polyethylene (UHMWPE) [24]. Material such as Cr–Co alloy 
possesses excellent resistance to wear that are the stable cause of their tenacious, passive 
formations, self-replenishing chromium oxide, and a few thick atomic layers. Since, Cr–Co alloy 
possesses good resistance to wear, therefore, there is an interesting deal in the hip joints metal on 
metal bearing surface applicability [24]. In the 1930s, the titanium alloy cause of its low density 
was used by the researcher as an implant [24]. The material exhibits a high strength-to-weight 
ratio. Additionally, titanium alloys are used increasingly as implant material in orthopedics and 
dentistry due to their excellent biocompatibility, which is attributed to TiO2 passive layers on the 
material surfaces [24]. The metallic materials criteria for selecting biomedical applications are 
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their low cost, excellent biocompatibility, good corrosion resistance, and convenient mechanical 
properties [25].  Some of the major mechanical properties of various metallic materials used for 
bioimplant applications are shown in Table 2.1 below.  One of the commonly used metallic 
materials is stainless steel.  
 
Stainless steel  
Stainless steel is an alloy of iron with a minimum content of chromium of 10.5% helps in 
enhancing the corrosion resistance of stainless steel. The first stainless steel used for biomedical 
was 18Cr–8Ni in 1926 for orthopedic surgery [19]. They have resistance to crevice and pitting 
corrosion from the plasma of the body. Stainless steel possesses high resistance to corrosion due 
to its high chromium percentage content and presence of molybdenum and nickel [26]. The 
techniques used in the production of high-quality stainless steel with minimal inclusion for 
biomedical application are special production techniques such as vacuum melting, electro-slag 
refining, and vacuum arc melting [19]. The commercial-grade of stainless steel is used widely in 
the manufacture of surgical and dental devices [19]. Furthermore, the different types of stainless 
steel used in the application of biomedicals are  316L (18Cr – 14Ni – 2.5Mo). Single-phase 
austenitic (FCC) stainless-steel is the most popular used for implant application and is presented 
in Table 2.2 [19].  The ‘‘L” in the designation denotes its content of low carbon content and as a 
result, it possesses high resistance to corrosion in vivo conditions [19].  









10.5–18 Orthodontic plier, dental burs, explorers, curettes, bone curettes, 
gouges and chisels, scalpels, root elevators and scalers, 










16–26 Knee and hip implants Canulae, hollowware, dental impression 
trays, hypodermic needles, guide pins, storage cabinets, and 
steam sterilizers 
 
Table 2.2 Properties of some of the major metallic implant material [24]  





Specific gravity (g/cc) 7.9 4.5 8.3 
Yield strength (MPa) 690 795 450 
Elongation (%) 12 10 8 
Reduction of area (%) 50 25 8 
Tensile strength (MPa) 860 860 655 
 
 
2.1.2 CERAMIC  
 
Ceramics are materials either metallic or non-metallic inorganic compounds, with the inter-atomic 
bond in form of covalent or ionic that occur at elevated temperatures [19]. A class of ceramics that 
are considered for biological applications is commonly termed bio-ceramics [19]. They are usually 
poly-crystalline inorganic silicate, oxide, and carbide. Ceramics are refractories in nature and 
possess higher compressive strengths. Bio-ceramics may be bio-inert (alumina, zirconia), bio-
resorbable (tricalcium phosphates), bio-active (hydroxyapatite, bioactive glass, and glass-
ceramic), or porous for tissue growth (hydroxyapatite coatings, and bio-glass coatings on metallic 
material) [19]. Their success depends on the ability to induce the regenerations of the bone and the 
interface of the tissue implants growth bone without the fibrous tissue of the intermediate layers. 
The clinical application of ceramic as a biomaterial is found in orthopedics such as screw and bone 
plates, total and partial hips component, the coating on a metal prosthesis for controlled implants 
or tissues interfacial responses, vertebra prostheses (such as iliac crest prosthesis and vertebra 
spacer), and spaces filling of disease bones, etc. They are used widely for heart valves, drug 
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deliveries device, cochlear implants, ocular implants, and in dentistry as dental restoration, 
implant, orthodontics, glass ionomer cement, and adhesives. Among the various numerous bio-
ceramics, bio-active ceramic such as HA, and bio-glass are the material of most interest for load-
bearing implant application [19]. 
 
Hydroxyapatite  
Hydroxyapatite (HA) Ca10(OH)2(PO4)6 is one of the most stable and less-soluble calcium 
phosphate bio ceramics and has 1.67 Ca/P ratios. It has outstanding bioactivity among all forms of 
calcium phosphate and can bond directly onto bone [27][28][7]. Hydroxyapatite is a major natural 
bone mineral component that can integrate readily with tissues in humans within just short periods 
after the implantations. Hence, it can be used in bones and implants for dental implants in the body. 
Although HA has multiple advantages, it possesses a poor capacity of load-bearing and mechanical 
strength. Therefore, it is predominantly used as a coating on metallic implants [29][30][31].  HA 
has better stability more than the other calcium phosphates. Thermodynamically, HA is the most 
stable calcium phosphate compound under body fluid physiological conditions as temperature, 
body fluid composition, and pH [32]. It has excellent properties such as bioactivity, 
biocompatibility, osteoconductive, inflammatory nature, and non-toxicity [7]. The most common 
HA structure is the hexagonal system with a space group of P63/m, showing symmetries 
perpendicular to three equivalents ‘a’ axis (a1, a2, and a3), which form angles of 120° to each 
other. Its unit cell is composed of calcium (Ca) and phosphates and may be represented by 
M14M26(PO4 )6 (OH)2, in which M1 and M2 are two different crystallographic positions for 10 
calcium atoms. Four Ca atoms are surrounded by nine oxygen (O) atoms of the phosphate group 
at the M1 positions, belonging to the PO4 tetrahedron. Six other Ca atom are surrounded by the 




Figure 2.1: Hydroxyapatite crystalline structure (left) and the projection of the HA structure in 
plane 001 (right) [32] 
 
2.1.3 POLYMERS  
 
Polymers are long-chain molecule which consists of large numbers of small repeating units known 
as monomers [19]. Polymers belong to the family of macro-molecules and represent the largest 
class of biomaterials [19]. Polymers are derived either from natural or synthetic organic sources 
[19] [24]. They can be considered for a wide biomedical application range due to their low cost 
and adequate physical and mechanical property. However, they are most attractive due to their 
simple manufacturing process, and their comparable properties to those of the host tissues. [33]. 
The application and examples of biomedical polymers are presented in Table 2.3. 
Table 2.3 Example of polymers used in biomaterial and their applications [34] 
Applications  Polymers   
Sutures Nylon, Polylactic, and polyglycolic acid 
Finger Joints Silicone 
Hip, Shoulder, and Knee joint  Ultrahigh-molecular-weight polyethylene 
Tracheal Tubes Joints Silicone, acrylic, nylon 
Blood Vessels PVC, polytetrafluoroethylene, Polyester 
Bone Cement Acetal Polymethylmethacrylate 
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Facial Prostheses Polyurethane, polydimethylsiloxane, PVC 
Heart Pacemaker polyethylene, polyurethane 
Gastrointestinal Segments PVC, Nylon, silicones,  
 
The Advantages of polymers used in biomaterial are: easy fabrications to different structures and 
complex shapes;  polymers provide wide ranges of bulk composition and physical property; and 
easy tuning of the surface properties. [19]. While the disadvantages of polymers used in the 
biomaterial include: polymers are difficult to sterilize;  polymers absorb water and biomolecule 
easily from the environment and thereby alter the surface chemistry; some polymers are soft 
materials therefore they may undergo mechanical wear and breakdown, and it can leach 
compounds that are harmful to the body under vivo conditions. [19]. 
 
2.1.4 BIOMATERIAL PARAMETERS  
 
The important properties that are significant to biomaterial to suit them for biomedical implants 
and to possess long term usage in the bodies without rejections are : 
➢ Host Response 
Host response can be simply defined as the reaction of the organisms such as their interactions 
with stem cells, blood vessels, functional tissue cells of the host (systemic and local) to the 
implant's device or materials [21][35]. 
➢ Biocompatibility 
Material bio-compatibility properties can be defined as the material ability to resist body fluid and 
tissues in the body [36]. It is the properties material should possess to be used successfully in a 
bio-organism. It should be non-inflammatory, non-toxic, non-pyrogenic, non-carcinogenic, non-
allergenic, and blood compatible. 
➢ Bio-functionality 
Bio-functionality of a material is the ability of a material to interact with the bio-environment to 
stimulate a desirable biological response or to enhance the bonding tissue. The materials used in 
the human body must satisfy the design requirement for performance in load transmissions and 
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stress distributions such as bone replacements, they should be able to allow movement articulations 
such as artificial knee joints, fluid flow, and blood control in applications such as artificial heart, 
space fillings, light transmissions, and sound transmissions [21]. 
 
➢ Toxicology 
Bio-materials should not be toxic unless it is designed or engineered for such requirement (e.g. a 
smart-bomb drug delivery system designed to target cancer cells and destroy them) [37]. 
Biomaterial’s toxicology deals with migrated substances from the biomaterials. Therefore 
biomaterial should not emit anything harmful from its masses unless it is designed for that purpose 
[37]. 
➢ Appropriate Design and Manufacturability 
Biomaterials should easily be moldable, extrudable, and machinable. Finite element analysis is an 
analytical powerful tool that is used in any implant design. Recently modern manufacturing 
processes are necessary to guarantee the qualities needed in orthopedic application [21]. 
➢ Mechanical Properties of Biomaterials 
Some of the most important mechanical properties for biomaterials include tensile strengths, yield 
strengths, elastic modulus, the resistance to corrosion and wear fatigue, creep, and hardness. 
Hence, in material selections, the material mechanical and surface properties should be considered. 
[21]. 
➢ High wear resistance 
The resistance rate of low wear results in implants loosening; the debris of wear is found to be 
bioactive and makes a severe inflammatory response which led to the destructions of the healthy 
bone that support the actual implants [38]. 
➢ Long fatigue life 
The fatigue strength is related to the response of the materials to the repeated cyclic loads. Fatigue 
fractures are one of the major factors associated with implants loosening, stress shielding, and 
ultimate implant failures and it has been reported frequently for hip prostheses [39]. Fatigue 
characteristics depend strongly on the microstructure of the biomaterial. The microstructure of 
metallic biomaterial alter according to the processing and the heat-treatment employed [21]. 
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➢ Adequate Strength 
The material strength of the biomaterial from which the implant is fabricated should influence the 
artificial organ fractures, cause inadequate strengths may cause implant fracture and breakdown 
and the interface of the bone-implant may begin to fail and developing tissue of soft fibrous at the 
interface, which may make more relative motions between the bone under loading and implants. 
This occurrence results in pain to the patients and after a certain period, the pains become 
intolerable and the implants will have to be replaced, by revision procedures [21]. 
➢ Modulus equivalent to that of bone 
For a key application like the total replacement of the joint, high yield strengths are coupled with 
the requirements of a lower modulus close to that of the human bone. The bone magnitude modulus 
varies from 4 to 30 GPa depending on the types of the bone and the measurement directions. Large 
differences in Young’s modulus between the implant materials and the surrounding bones can 
contribute to generating severe stress concentration, namely, load shielding from the natural bone 
that may lead to the weakening of the interface of bone/implant and implants loosening and 
consequently failure [21]. 
 
2.2 Surface Engineering  
 
Surface engineering is a process of improving the surface and sub-surface property of material 
either by surface coatings or surface treatments, while ensuring the bulk property of the treated 
materials is maintained and unchanged [40]. It includes comprehensive surface modifications via 
applications of thin films, plasma enhancements, the bombardment of ions, self-assembly, nano-
machining, chemical treatments, or other processes [9]. Surface treatment can be defined as the 
modification of an existing bulk material surface without the addition of any layers while the 
surface coating can be defined as the film layers depositions on the surface of bulk materials. 
Surface engineering techniques are used in various industries such as automotive, power, missile, 
textile electronics, aerospace, biomedical, petroleum, steel, textile, cement, construction industry 
petrochemical, chemical, and machine tools. They are used in developing a wide range of advanced 
functional properties, including chemical, physical, electronic, mechanical, magnetic electrical, 
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wear resistance, and corrosion resistance properties for the required surface of the substrate 
[9][10]. Figure 2.2 shows the short classification of surface engineering processes. 
 
Figure2.2.  A short classification of surface engineering process [40] 
 
2.2.1 TRADITIONAL SURFACE ENGINEERING TECHNIQUES   
 
As shown in figure 2.2, traditional surface engineering technologies include hot-dip coating, 
electro-plating, salt-bath nitriding, anodizing and organic paint. However, amidst the traditional 
process, plating is a versatile and simple technique, which is still used widely in diverse field of 
application to protect material against corrosion and it led to the enhanced properties of the 
surfaces and achieves optimal decoration effects. Furthermore, the traditional process may be 
harmful to the human and their environments because they include a large amount of plating of 
the generation of liquid and solid such as (alkalis, acids, cyanides, and metal salts), and gaseous 
waste like toxic gas. Therefore, since the 1940s, chrome plating has been used in industries as one 
of the engineering old surface processes. The plating solutions consist of chromic acids, sulfuric 
acids, brighteners, and some other additives. Furthermore, chrome plating generates numerous 
types of liquid, air, and solid mist waste containing chromium (Cr6 þ) of the hexavalent compound. 
Therefore, without the safe disposal of hazardous wastes, it can cause health risks inside and 




2.2.2 ADVANCED SURFACE ENGINEERING TECHNIQUES  
 
Advanced surface engineering processes can be physical vapor deposition and chemical vapor 
deposition techniques as shown in figure 2.2. Advanced thin film coatings generally follow three 
main principles steps, as shown below in Figure. 2.3.  
i. Starting material decomposing into a various fragment,  
ii. The transportation of the decompose materials through the medium of gases or liquid 
toward the substrates.  
iii. The nucleation and growths of the materials on the surface of the substrates.  
Further, advanced surface engineering processes are also generally considered to be a cleaner 
alternative to traditional processes.  
 
Figure 2.3 Process steps of depositing surface coating [40] 
 
2.3 Thin film and processes  
 
Thin-film can be defined as the growth of the thin layer on a material surface, where the thickness 
is varied from several nanometres to a few micrometers [15]. It is an art of science that plays a 
dominant role in surface modification fields of science and technologies. The term thin film is used 
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for coating used to improve and modify the functionality of substrate or bulk surfaces. They are 
used for surface protection from chemical resistance, enhance lubricity, corrosion, and wear 
resistance.  
 
2.3.1 THIN FILM GROWTH PROCESS   
 
Thin-film basic properties such as the composition of films, crystal phases and orientations, film 
thickness, and microstructures, are controlled by the condition of the deposition. Thin-film growth 
exhibits the following : 
i. All thin film material created via any deposition process birth begins with a random nucleation 
process and is followed by the growth stage and nucleation. 
ii. Nucleation and growth stages are depended on different deposition conditions like growth 
temperatures, rate of growth, and chemistry of the substrates. 
iii. The nucleation stages can be modified significantly by external agencies like ion bombardment 
or electron. 
iv. The microstructure of the film associated structure of the defect and stress of the film depends 
on the condition of the deposition at the nucleation stage. 
v. Crystal phases and the film orientations are governed by the condition of the deposition. 
Thin-film formation takes place by nucleation and growth process and the step-by-step general 
growth processes emerging from the different theoretical and experimental study can be presented 
as follows: [41] 
i. The impacted unit species on the substrate lose their velocity components normal to the 
substrates (provided there is not too high incident energy) and are absorbed physically onto the 
surface of the substrate [41]. 
ii.  The species adsorbed are not in thermal equilibrium with the initial substrates and moved over 
the surface of the substrates. They interact themselves in this process, forming a bigger cluster 
[41]. 
iii. The nuclei or clusters are unstable thermodynamically and can tend to desorb in time, depends 
on the parameter of the deposition. If the parameters of the deposition clusters collide with 
other species absorbs before getting desorbed, its sizes begin to grow. And after a certain 
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critical size is reached, the clusters become stable thermodynamically and the barrier of 
nucleation is said to have been overcome. These steps involved the stable formations, 
chemisorbed, and the size of the critical nuclei is called the stage of the nucleation [41]. 
iv. Critical nuclei grow in size and well as numbers until it reaches a saturated nucleation density. 
The density of the nucleation and the size of the average nucleus depended on the numbers of 
parameters like impinging specie energy, substrate chemical nature, desorption, the 
impingement rate, the adsorption activation energy, thermal diffusions, temperature, and 
topographies. A nucleus may grow both parallel to the substrate by absorbed species surface 
diffusions, and perpendicular to it by impinging directly from the incidence species. Therefore, 
at this stage, there is a higher rate of lateral growth than perpendicular growth. The grown 
nuclei may be called islands [41]. 
v. The stage after the processing of film formations is the coalescence stage, at this point, the 
small islands start to coalesce with each-others to minimize the surface area of the substrates. 
This tendency to form bigger islands is termed agglomeration and is improved by an increase 
in the mobility of the surface of the adsorbed species, via, for example, an increase in 
temperature of the substrate. In some cases, new nuclei formations can occur on exposed fresh 
areas as a coalescence consequence [41].  
vi. Larger islands grow together and leave the uncovered substrate holes and channels. The film 
structures at this stage changed from discontinuous island types to porous network types. The 
holes and channel filling form a continuous complete film [41]. 
 
The growth process consists of a nucleation statistical process, diffusion-controlled growth of the 
surface of the three-dimensional nuclei, and formations of the structure of the network and its 
subsequence filling to give a continuous film [41]. Depending on the surface of the substrate and 
deposited thermodynamic parameter, the nucleation, and growth of the initial stages (as illustrated 
in Figure 2.4).  can be described as  
i. Island type called Volmer-Weber type, 
ii.  Layer type, called Frank-van der Merwe type. 





Figure 2.4.  Three modes of film growth processes [41] 
 . 
 
2.3.2 APPLICATION OF THIN FILMS  
 




i. microelectronics (electrical conductors, electrical barriers, diffusion barriers, micro-
electromechanical systems (MEMS), organic electronics and displays, quantum dots); 
ii. electronic gadgets (CDs and DVDs, computer hard drives and giant magnetoresistance 
(GMR) read heads, headlamp reflector); 
iii. sensors (magnetic materials, gas, magnetic memory, accelerometer sensors); 
iv. tailored materials (optical application, corrosion protection, wear resistance); 
v. semiconductors (solar cells, transparent conducting layers, semiconductor chips); 
vi. military equipment (aircraft guidance control assemblies, aircraft canopies, forward-looking 
infrared (FLIR) vision devices, night vision goggles); 
vii. medical and diagnostic equipment (passivated prosthetic joints. excimer lasers for eye 
surgery, coated stents, superinsulation for magnetic resonance imaging magnets); 
viii. consumer products (mirrors, camera lenses, aluminized plastic food packaging materials; 
windows optical coating, glasses, and sunglasses, architectural glass, and tool hard coatings); 
ix. research (diamondlike films, laser mirrors, neutron beam guides, superlattices, optical filters, 
rugates, high- and low-Tc superconductors superconducting quantum interference device 
(SQUID) magnetic detectors); 
x. ultrathin carbon foils are numerous instrument major components using thin films of various 
materials currently used in space and proposed for a future space mission. These foils are 
approximately 0.5 to 2 μg/cm, equivalent to approximately 3nm or approximately 20atoms 
thickness. As atoms accelerated pass through the thin foils, they emit a secondary electron 
from the entranced and exits surface and change their atomic charge states. 
 
2.3.3 MATERIAL CHARACTERISTICS 
  
The characteristics of the material thin film to be deposited are used as the consideration factors 
for the preferred deposition selection for successful thin film growth. Furthermore, the surface or 
the interface property of the substrate materials can influence the character of the thin films due to 
contamination in the surfaces, nucleation effect, mobility of the surface, adsorbed gases, the 
reaction of the chemical surface, topography of the surface, effect of inhibitory or catalytic growth 
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of the films, crystallographic orientations, and effect of stresses from thermal expansion mismatch 
[43]. 
The key thin film chemical and physical parameters [43] that should be put into consideration are 
listed below: 
i. electrical (the conductive film's conductivity, dielectric constant, resistivity for resistive films, 
dielectric strengths, polarizations, permittivity, radiation hardness, and electro-migrations); 
ii. thermal (expansion coefficient, thermal conductivity, temperature variations of all property, 
stabilities or drift of characteristic, thermal fusion temperatures, vapor, and volatility pressure); 
iii. mechanical (Stress such as (composite, residual, and Intrinsic stress), anisotropies, density, 
adhesion, fractures, elasticity, ductility, and hardness); 
iv. morphologies (amorphous or crystalline, structural defect densities, step coverage or 
conformality, planarity, microstructures, surface topographies, and crystallite orientations); 
v. optical (birefringence’s, refractive index, absorptions, a spectral characteristic, and 
dispersion); 
vi. magnetic (coercive forces, saturation flux densities, and permeability); 
vii. chemical (toxicity, composition, impurity, reactivity with substrates and ambient, 
hygroscopicity, thermodynamic stabilities, rate of etching, rate of corrosion and erosion, 
carcinogenicity stability, and impurities barrier or gettering effectiveness). 
 
 
2.4 THE DEPOSITION TECHNIQUES  
 
There are different types of deposition techniques, but priority will be given to the two major 
deposition techniques used for coating thin films namely physical vapor deposition and chemical 
vapor deposition. 
2.4.1 PHYSICAL VAPOR DEPOSITION PROCESS (PVD) 
 
The physical vapor deposition (PVD) process can be described as an atomistic deposition 
technique in which material is vaporized from the liquid or solid source in the forms of molecules 
or atoms then transported in the forms of vapor through a low pressure gaseous or vacuum (plasma) 
substrate environment onto the substrate where it is condensed [44]. Hence, the PVD process is 
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used in the film deposition of a few nanometers to thousands of nanometers range of thickness, 
multilayer coatings, very thick deposits, and freestanding structure, and graded composition 
deposits [44]. PVD coating processes are affected by the physical driving mechanism. The size of 
the substrate can range from very small to larger sizes, such as the 10' x 12' glass panel used for 
architectural glasses. The shapes of the substrate can range from flat to complex geometry such as 
tool bits and watchbands [44]. Typical rates of deposition of PVD are from 10 –100Å (1–10 
nanometers) per second [44]. 
Physical vapor deposition (PVD) process techniques can be used in the deposition of a film of 
alloys and pure elements as well as compounds using a reactive deposition process. PVD processes 
undergo three basic steps as reported in the literature [10][45]. 
i. Deposition generation or vapor phase species: sputtering, evaporation, or chemical vapors 
phase and glass can be used to convert target material to vapor phase.  
ii. Transportation or movement from the source material to the substrates. The atoms or molecules 
ejected from the target material are being transferred through the condition of the molecular 
flow and the thermal scattering process. Metal vapor partial pressure or gas species in the vapor 
state may be high enough for some of these species to be ionized, many collisions will be in 
the vapor phase during movement to the substrates.  
iii. The deposition of a film on the surface of the substrate: after the deposition of the atoms or 
molecules, the film nucleates on the surface of the substrate and grows by the number of 
processes. The film composition and microstructure may be modified by the growing film 
bombardment by ions from the vapor phase, which led to film atoms sputtering and 




There are various techniques of PVD and the most common includes sputtering vacuum 





Figure 2.5. Physical vapor process techniques: (a) vacuum evaporation, (b and c) sputter deposition 
in a plasma environment, (d) vacuum sputter deposition, (e) ion plating in a plasma environment 
with a thermal evaporation source, (f) ion plating with a sputtering source, (g) ion plating with an 
arc vaporization source and, (h) Ion Beam Assisted Deposition (IBAD) with a thermal evaporation 
source and ion bombardment from an ion gun [46] 
 
2.4.1.1 VACUUM EVAPORATION  
 
Vacuum evaporation is one of the physical vapor deposition processes in which the atoms and 
molecules from the thermal vaporization sources reached the substrates without collisions with 
residual gas molecules in the deposition chamber. It is the easiest technique used in amorphous 
thin film preparation especially chalcogenide films such as MnS [47] and so on. Further, 
chalcogenide materials can be used for phase-change materials [48][49]. However, the vacuum 
evaporation technique is strongly dependent on two parameters such as the vaporization materials 
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and the application of potentials differences on the substrate under a higher medium vacuum range 
from 10-5 to 19-9 mbar [15]. The vacuum evaporation schematic diagram is shown in figure 2.6 
below [50].  
The advantages of vacuum evaporation include: “film of high purity can be deposited from the 
source of high purity materials; materials source vaporized can be solid in any purity and form; 
vaporization of the source materials can be in different forms, like powder, chips, chunks, wire 
and so on; relatively easy rate of deposition monitoring and control; lowest cost of the PVD 
processes; and a high deposition rate can be made acquired.” [51]. The disadvantages of vacuum 
evaporation include: “ difficulty in the deposition of many alloys and compounds; sightline and 
limited area source resulted in poor surface coverage on the complex surface unless there is proper 
movement and fixturing; deposition of sightline provides poor deposition uniformity over the 
surface of a large area without complex fixturing and tooling; few variables processing can be used 
for control of film properties; high radiant heat loads can exist in the deposition system; and poor 
utilization of vaporized materials [51]. 
 
                          
Figure. 2.6 Schematic of vacuum evaporation system with substrate holder on a planetary 




2.4.1.2 ARC VAPOR DEPOSITION 
 
Arc vapor deposition process is a physical vapor deposition process that uses the vaporization from 
an electrode under arcing conditions as its vaporized material source. Hence, the arcing condition 
consists of a low voltage and high current electrical current passing through a vapor or gas of the 
electrode materials [52].  Arc vapor deposition can also be defined as a deposition process that 
uses an electric arc at low voltage and high current to vaporize the anodic electrode (anodic arc) 
or cathodic electrode (cathodic arc) and deposit the materials vaporized on the substrate [44]. The 
materials vaporized are highly ionized and the substrate is usually biased to the acceleration of the 
ion’s (film ions) to the surface of the substrate. The Arc-vapor deposition technique is mostly used 
in depositing decorative and hard coatings and the ions (film ions) obtained in the arc vaporization 
are useful in the ion-plating [44].  
In cathodic arc vaporization, the density of the high current arc moves over the electrode of the 
solid cathodic causing vaporization and local heating, and the movement of the arc can be steered 
or random using a magnetic field. While in the anodic arc-vapor deposition electrons melt and 
vaporize the anodic electrode. The anodic arc electrons may come from several sources such as 
ion bombardment, a hot thermal electron emitting filament, or a hot hollow cathode [52] [53].  
The advantages of the arc vapor deposition process are: “ion formation of the film material makes 
them be accelerated to high energy; the plasma of the arc activates reactive species and allows 
them to be more chemically reactive; high rate of vaporization can be attained (anodic arc); alloy 
materials can be vaporized readily (cathodic arc deposition); low radiant heating (cathodic arc 
deposition); and the surface of solid vaporization allowed source placement in any system position 
(cathodic arc deposition).” [53]. The arc-vapor deposition disadvantages include, “(1) the system 
has high radiant heat loads (anodic arc);  molten material limits the source positioning in the system 
(anodic arc); the formation of molten globules (macros) can be a determining factor in some 
applications and materials (cathodic arc), and only electrically conductive materials can be 
vaporized.” [53]. 
 




Sputtering techniques are often used for the deposition of metals and oxide film. The process 
enhances control of the crystallinity structure and roughness of the surface. Sputtering is mostly 
used in thin-film fabrication technique, which is used in different industries as semi-conductor 
processing, jewelry making, and surface finishing. The most widely spread industrial applications 
are in the depositions of metal, but it is also used for non-metallic material. Sputtering is a process 
in which there is the acceleration of ionized atoms into a surface for the injection of atoms from 
the surface. The atoms ejected may be condensed onto a sample to nucleate a thin film on the 
substrate. The sputtering process can also be called sputter deposition [54]. The sputter deposition 
is a widely used technique for the deposition of thin-film, especially to obtain stoichiometric thin 
film structure (i.e., without changes in the original material composition) from the target materials. 
Target materials can be alloys, ceramics, or composites. Sputtering is also effective in the 
production of nonporous compact films. It is a very good technique used for the deposition of 
multi-layer films for magnetic or mirrors film for spintronic applications [54]. 
 
 
Figure 2.7 Interaction of an ion with the target [55] 
In the sputter deposition process, some Ar+ inert gas ion is incidentally on the target at high 
energies. Depending on the energy of the ion’s, ratio of the ion mass to that of the mass of the 
target atoms, the target of the ion interaction may be a complex phenomenon. The ions at the 
surface become neutral due to their energies and the incident ions may get implanted or bounce 
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back, therefore, creating collision cascades in target atoms. some of the atoms in the target are 
displaced, creating photons while losing energies to the atom of the target or clusters, target atom 
or molecules, and secondary electrons, the interaction of the ion with the target is shown in Figure 
2.7.  
Sputter deposition is different from evaporation because it produces a flux of high energy that the 
mobility of the surface is high and can thus condense into smoothly, the conformal, dense, and 
continuous film more easily than the films during evaporation. Sputter depositions have more 
benefits over other methods unlike CVD or evaporation process, sputtering preserves the target 
stoichiometries source since the bombardment of physical mechanisms of particles ejected result 
in a consistent stoichiometry on the surface of the samples [54]. The advantages and disadvantages 
of sputter deposition are stated below [14].  
The advantages of the sputter deposition technique are: “ sputter deposition can sputter any 
material such as an alloy, compound, or element; the target of the sputtering provides a stable long-
lived source of vaporization; vaporization is from the surface of the solid and can be down, up, or 
sideways; sputtering targets can produce a source of vaporization in a large area in some 
configurations; the sputtering target can produce specific vaporization geometry in some 
configurations such as the line source from the extended planar source of the magnetron sputtering; 
target of the sputtering can be made conformal to the surface of the substrates such as a sphere or 
cone. And the condition of the sputtering can be reproduced easily from run-to-run; the presence 
of lower radiant heating in the system compared to vacuum evaporation; molecules are partially 
dissociated or dissociated in the plasma during chemical vapor precursors; possibility of high 
utilization of sputtered material such as rotatable cylindrical magnetron; and preparation of the 
surface is easily incorporated into the processing in situ.” [14]. While the disadvantages of sputter 
deposition include, “sputter pattern ejection in most sputtering configurations is nonuniform and 
tooling, special fixturing, or design of the source must be used in the deposition of films with the 
uniform property; the target must be cooled cause most sputtering energy goes into the target heat; 
little rate of sputter vaporizations compared to those that can be achieved by thermal vaporization; 
sputtering is not energy-efficiency and sputtering targets are expensive; target material utilization 
may be low; substrate heating from the bombardment of an electron may be high in some 
configurations; contaminants on surfaces in the deposition chamber can be desorbed easily in 
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plasma based sputtering due to ion scrubbing and heating; and molecules can be dissociated or 
dissociated partially in the plasma for soot in chemical vapor precursors generation.) [14]. 
The sputtering process is classified according to the source of their power namely radio frequency 
(RF) and direct current (DC) sputtering. The direct current sputtering is used generally with 
electrically conductivity target materials and they depend on DC power. The radio-frequency 
sputtering process uses RF power for most dielectric materials [56][57]. The RF and DC sputtering 
system diagram is shown in Figure 2.8. 
 
2.4.1.4 DIRECT CURRENT (DC) MAGNETRON SPUTTERING  
 
The direct current sputtering deposition technique is made up of a planar electrode pair called the 
cold cathode and anode. The target material to be deposited is placed on the cathode, and the 
substrate is positioned at the anode. The working gas inside the deposition chamber is usually 
argon gas due to the larger mass compared to helium and neon because higher mass correlates to 
more energetic collision with the materials of the target and lower cost when compared to krypton 
and xenon. DC voltage is supplied between the cathode (target material) and anode (substrate) to 
sustain the glow discharge. The gaseous ions resulting from the sustained glow discharges are 
accelerated towards the target material, and sputtering takes place resulting in the deposition of a 
thin film on the surface of the substrate material. In the DC sputtering system, the target is 
composed of conducting material usually metal since the glow discharge (current flow) is 
maintains between the metallic electrode [14]. 
 
2.4.1.5 RADIO FREQUENCY (RF) SPUTTERING  
 
Radio Frequency sputtering deposition technique is a process that involves alternating the current 
electrical potential in the environment of the vacuum at radio frequencies for avoiding a charge 
building up on certain types of target material for sputtering, which over time may lead to arcing 
into the plasma that spews droplet and creates quality thin-film control issue and may even result 
to sputtering of atoms complete cessation and terminating the process. Enough mobility is not 
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produced from the ions at a frequency above 500kHz that can allow the DC diode establishment 
like discharges and the applied potentials are felt throughout the space between the electrodes. 
Sufficient energy is acquired by the electrons to cause collisions to be ionizing in the spaces 
between the electrode and thus the plasma generation takes place through-out the space between 
the electrodes. When the large peak to peak voltage and RF potential is capacitively coupled to an 
electrode, an alternating negative or positive potential appears on the surfaces. During each half-
part cycle, the potentials are such that ions are accelerating to the surfaces with enough energies 
to cause sputtering, while, on alternate half-cycle, electrons reach the surfaces to prevent any 
charging in the buildup. The radio frequency used for the sputtering process is in the range of 0.5–
30MHz with 13.56MHz being a commercial frequency is used often. Radio frequencies sputtering 
can be produced at lower gas pressure (<1mTorr) than those used for dc (non-magnetron) 
sputtering [14]. 
 
Figure 2.8 Schematic diagram of  (A) direct current (DC) and (B) radio-frequency sputtering 
systems [58] 
 
2.4.2 ION PLATING 
 
Ion plating [59] is a PVD process technique that exploits con-current or periodic substrate 
bombardment and deposition of atoms of film materials by atomic size energetic particles [60]. 
The bombardment before depositions sputters cleans the surfaces. Ion-plating deposition 
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techniques are also called ion vapor deposition (IVD), ionization assisted deposition (IAD), or ion 
assist (IA) deposition, [61]. The bombardment before a deposition can be used to sputter-clean the 
surface of the substrate material. During the initial deposition phase, bombardment can modify the 
nucleation behavior of the deposited materials such as the density of the nucleation and interface 
formations. However, during the deposition process, bombardment is used in modifying and 
controlling the morphologies and property of the deposited films such as density and film-stress 
[60]. 
The advantages of Ion planting are: “the significant energy on the deposited film surface may be 
introduced by the bombardment of the energetic particles; ion planting surface coverage can be 
enhanced over sputter deposition and vacuum evaporation and due to scattering of gas and 
redeposition effect or sputtering; the properties of the film such as residual film stress, density, 
adhesion, and optical property, and so on can be modified by bombardment controlled; the film 
properties depend less on the material flux incident angle deposited than they depend on sputter 
depositions and vacuum evaporation due to the atomic peening and redeposition effect or 
sputtering; the thin film chemical composition can be improved by chemical reaction enhanced 
bombardment and unreacted species sputtering during reactive from the growing surfaces; and 
reactive species can be activated by the plasma and new chemical species can be created which 
can be adsorbed readily to aid in the reactive deposition processes in some application.” While the 
disadvantages of Ion-plating include, “limited system pumping speed led to an increase in film 
contamination problem in plasma-based ion plating; uniform bombardment of ion is often difficult 
to obtain over the surface of the substrate leading to variations of the properties of the film over 
the surface; ion plating can generate excessive substrate heating; bombarding gas under certain 
conditions may be incorporated into the growing film; and ion plating can generate film stress with 
excessive residual compressive from the atomic peening under certain conditions.” [53]. 
Ion plating is used to deposit compounds of hard coating materials, optical coating with density, 
adherent metal coating, and conformal coating on complex surfaces.  
 




Chemical vapor deposition (CVD) techniques are processes where a solid is deposited on the 
heated surface from the chemical reaction in the vapor phase. It belongs to the classes of transfer 
of vapor process, that is atomistic such that the deposition species are molecules, atoms, or a 
combination of these [62]. It is a hybrid method using a chemical in the vapor phase and is 
conventionally used to obtain a coating of a variety of organic or inorganic material [55]. It is used 
widely in the industries because of relatively simple instrumentations, easily processed, the 
possibility of deposition of different types of materials, and economic viabilities. Under certain 
deposition conditions, nano-crystalline film or single crystalline film is possible [55]. Figure 2.9 
shows the basic CVD process that involves the transportation of reactant gas or vapor toward the 
substrate [55]. 
 
2.4.3.1 TYPE OF CHEMICAL VAPOR DEPOSITION TECHNIQUES 
 
There are various types of CVD methods. If the coatings take place in atmospheric pressure (AP) 
it is called CVD or APCVD. In the APCVD system, the gas flow is almost exclusively parallel to 
the surfaces. When the process is performed under lower pressure, the operation is low-pressure 
CVD (LPCVD), and the gas pressures are usually at the range of 0.5–1 torr for LPCVD reactors, 
differentiating it from APCVD systems which operate at 760 torrs. The substrate is mounted 
vertically in the LPCVD reactor. When the plasma is used in generating the radicals or ions that 
recombine to give the films desired, the process is referred to as plasma improve CVD (PECVD). 
It is possible to use lower substrates temperature in PECVD cause the energy reaction to proceed 
is provides by the plasma. A major PECVD commercial application is the silicon-nitride film 
formations for encapsulations and passivation of the semiconductor devices. At this fabrication 
process stage, the temperature that is higher than 300°C cannot be tolerated by the device. But a 
high temperature is still required to achieve the epistatic or crystallinity of the film. Many nitrides 
have been prepared in thin-film form by PECVD such as TiN, GaN. BN and AlN. PECVD is used 
in the fabrications of carbon nanotubes and other one-dimensional nanostructures such as boron-
carbide nanowires and nano-springs. A convenient precursor for boron-carbide nanowires is 
orthocarbonate (C2B10H12). MOCVD is different from other CVD processes because its precursors 
are metalorganic compounds. MOCVD is used often in the semiconductor industries is not used 
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widely in forming a ceramic film. One example of ceramic films formed by MOCVDs is AlN. 
Laser enhanced CVD (LECVD) uses a laser beam to improve reactions at the surface of the 
substrates. The possibility of the material to be written on the substrate is one feature of this 
technique: the deposition is formed only where the scanned light beam hits the substrates [63]. 
Therefore, they are different in the temperature used, gas pressure source, and geometrical layout.  
 
Figure 2.7  Basic concept of Chemical Vapor Deposition (CVD) process[55] 
 
The advantages of chemical vapor deposition (CVD) techniques are: “CVD is not restricted to 
deposition of line-of-sight that are the general characteristic of PVD processes such as sputtering, 
evaporation, and so on; a high rate of depositions and thick coating can be obtained readily (in 
some cases centimeters thick) and the process is more economically and competitive than the PVD 
process in some cases; and CVD equipment does not require an ultra-high vacuum and generally, 
can be adapted to many process variations.” [62]. While the disadvantages of chemical vapor 
deposition (CVD)techniques include: “CVD is the most versatile at 600°C temperature and above 
which makes some substrates not thermally stable at these temperatures; its requirement of having 
chemical precursors (the starter material) with high vapor pressure that at times extremely toxic 
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and often hazardous; and the CVD reactions by-products are corrosive and toxic and should be 
neutralized, which can be a costly process.” [62]. 
 
 
2.4.4 FACTORS TO BE CONSIDERED WHEN CHOOSING SUBSTRATE FOR THIN 
FILM 
 
There are several factors needed to be considered to choose a favorable and good substrate for 
thin-film growth [63]. 
i. Chemical compatibility. 
Deleterious reactions should not be between the films and the substrates. For the high temperature 
(≥700°C) used during the many thin films of ceramic, this requirement may be quite restrictive. 
ii. Matched coefficient of thermal expansion (α). 
 When there is a difference between the substrate and the film, it may be impossible to achieve an 
exact match in α. The important difference in α should be avoided because it can result in film 
cracking and poor adhesion. The latter problem is common to brittle materials such as ceramic 
because they are weak in tension. 
iii. Surface quality. 
The substrate surface is significant because it is where the film's growth and nucleation and 
occurred. The single-crystal surface of the substrate may contain different size defects variety, 
from emergent dislocation to surface steps, to scratches cause during polishing. The defects are 
significant because they can act as nucleation preferential sites.  
iv. Cleanliness 
The substrate samples must be cleaned before deposition of the film. For example, a single crystal 
MgO substrate is often packaged in mineral oil before shipping in avoiding the reaction between 
the MgO and water vapor that results in the formations of Mg (OH)2. The oil can be removed by 
soaking it in acetone. Many laboratories developed their in-house cleaning procedure with the 




v. Substrate homogeneity. 
This is not a problem in many single-crystal substrates. But in heavily twinned materials such as 
LaGaO3 and LaAlO3 twin boundaries that propagate through the substrates may act as sites of 
nucleation. In poly-crystal and bio-crystal substrates, the grain boundaries present, and orientation 
affect the properties and microstructures of the film. 
vi. Thermal stability. 
The occurring transformations of phase during the heating and cooling may result in the generation 
of stress within the films. Perovskite substrates undergo phase transformations. 
 
2.5 MAGNETRON SPUTTERING  
 
 Magnetron sputtering deposition technique is a high-rate vacuum coatings process for deposition 
of alloy, metals, and compounds onto a material wide range with the film thickness up to the 
millimeter. It is a technological equipment process that allows the deposition of thin films by 
sputtering of the target materials in plasma of the magnetron discharge.  It possesses many 
significant advantages over other vacuum coating deposition techniques, a property which may 
result in the development of commercial applications large number from the fabrication of 
microelectronic to simple decorative coatings [64]. There are various benefits of magnetron 
sputtering such as  
vii. Magnetron sputtering deposition rate is high. 
viii. Metal, alloy, and compound are easy to be sputtered on magnetron sputtering. 
ix. Films deposited are highly pure. 
x. Magnetron sputtering deposited film adhesion is extremely high. 
xi. Magnetron sputtering steps coverage is excellent with small features. 
xii. The heat-sensitive substrate can be coated on magnetron sputtering. 
xiii. Automation is easy on magnetron sputtering. 




2.6 RADIO FREQUENCY MAGNETRON SPUTTERING PRINCIPLES   
 
RF Magnetron sputtering uses magnets behind the negative cathode to trap electrons over the 
negatively charged target material, so they are not free to bombard the substrate, allowing for faster 
deposition rates. It is the technological equipment that allows thin film deposition by the target 
material sputtering in a magnetron discharge plasma. It uses a magnetic field and electric formation 
perpendicular to one and other in the near‐cathode region and supplied voltage between the anode 
and the cathode, furthermore, a glow discharge is ignited when the voltage is applied, then the free 
electrons repelled from the cathode (target) and collide with the working gas working atoms, 
thereby, creating new electrons and ions. Then, the positive ions accelerate toward the cathode 
(target) and positive collision, energetic ion’s result to its sputtering. The escape particles from the 
cathode (target) are then transported to the surface of the substrate and the walls of the chambers 
[11].  The systematic diagram of the radio frequency magnetron sputtering process is shown in 




Figure 2.8 Systematic diagram of radio frequency magnetron sputtering [50] 
 
2.6.1 RADIO FREQUENCY MAGNETRON SPUTTERING PARAMETERS  
 
The RF-magnetron sputtering is influenced by various parameters which include the sputtering RF 
power, the argon gas pressure, the time of deposition, the distance between the target and the 
substrate, the substrate and target temperatures, and the speed of rotation is very efficient in the 
deposition of the thin film. These parameters have a significant effect on the deposition of thin-
film coatings properties such as the thickness, amorphous or crystallinity degree [65], structural 
morphology [66][67], composition profiles, the roughness of the film [68], grain size distribution, 




2.7 SPUTTERING OF HYDROXYAPATITE COATINGS 
 
To investigate whether surface wettability can be correlated with cellular interactions with SiHA- 
coated Ti substrates. Thian et al. [71] carried out an experimental study on the magnetron-sputtered 
hydroxyapatite thin films surface modification via silicon substitution for dental and orthopedic 
applications, by depositing SiHA thin coatings of varying Si compositions on Ti substrates via 
magnetron co-sputtering deposition technique. The primary human osteoblast (HOB) cells were 
used to evaluate the biological properties of the coating, and as-deposited was heat-treated at high 
temperature under a constant flow of water vapor–Ar atmosphere in a tube furnace. the result 
reveals the magnetron co-sputtered coating greatly enhanced the surface of the substrate 
wettability. The HOB cell adhesion improved on the coatings, which led to cell proliferation and 
calcification promotion. Therefore, this result revealed there exists a correlation between surface 
response and wettability. Hence, the coating of SiHA thin film holds great potentials as a dental 
material alternative. 
 
To have more understanding on biphasic calcium phosphate coatings and with the aim to propose 
coating elemental composition and manipulating of the structure possibility by biphasic target 
composition variation,  Prosolov et al. [71], investigated the RF magnetron sputtered coatings from 
the biphasic calcium phosphate targets for biomedical implants applications, by depositing 
biphasic targets of hydroxyapatite and tricalcium phosphate sintered at different mass % ratios 
such as 100HA, 75HA/25TCP, 50HA/50TCP, 25HA/75TCP and 100TCP on pure titanium.  The 
result obtained from X-ray diffraction data and Raman scattering revealed the HA coating 
deposited has a disordered structure and the coating with high-temperature treatment in the air 
result in the transformation of the structure from quasi-amorphous into a crystalline form. XRD 
spectra of the coating showed the composition of the phase of the biphasic targets correlated well 
with the mixture TCP and HA ratio. The result obtained from the EDX data revealed that an 
increase in the content of TCP in the biphasic targets causes deviation in the film elemental 
composition. Therefore, it is proposed that the addition of tricalcium phosphate to the target will 




Boyd et al.[72], investigated the Strontium-substituted hydroxyapatite coatings onto titanium 
substrates using radio frequency magnetron co-sputtering. X-Ray Diffraction (XRD), Scanning 
Electron Microscopy (SEM), X-Ray Photoelectron Spectroscopy (XPS), and Fourier Transform 
Infrared (FTIR) techniques were used to analyzing the different coatings produced, whereby 
different pure HA and 13% Sr-substituted HA targets combinations were also investigated. The 
result revealed the Sr could be incorporated successfully into HA lattice to form a coating of SrHA. 
FTIR, XPS, XRD, and FTIR results for the Sr-substituted HA powder (13% substituted HA) 
showed Sr-substitute they are crystalline, stoichiometry and purity were large as expected and 
confirmed the Sr-substitution of Ca within the lattice of the HA. Therefore, the RF sputtering, 
employing a co-deposition approach, offers an appropriate methodology means to control the Sr 
substituted HA attendant surface properties, such as phase purity, morphologies of the surface, and 
its crystallinity. 
 
To investigate the hydroxyapatite (target) thin-film coating deposited via radio frequency 
magnetron sputtering on Mg alloy (substrate) tribological performance for biomedical 
applications, Dinu et al. [73]. investigated the tribological behavior of radio frequency magnetron 
sputtering deposition of hydroxyapatite coatings in physiological solution by depositing HA on 
AZ31 magnesium alloy in simulated body fluid. The result obtained revealed the deposited 
hydroxyapatite thin films exhibit an increase in the Ca/P ratio from 1.83 to 1.97, and decreased in 
thickness and texture, as the sample was shifted toward the erosion zone of the target erosion. The 
rate of wear deposited under the target erosion zone is lower than the uncoated AZ31 substrate or 
the coating place in the substrate holder center. The result obtained from the AFM revealed both 
coatings decrease the roughness of the AZ31 alloy. Therefore, based on the experimental result. 
the HA coating properties significantly depend on the sample position and the exposure of the 
plasma. 
 
Ivanova et al. [74], investigated the correlation between the structural and mechanical properties 
of radio frequency magnetron sputtering deposition of HA coating by depositing HA on pure 
titanium with the water vapor addition into the atmosphere of the working gas with a proportion 
of Ar/H2O partial pressures, with the aim to reveal the differently textured mechanical 
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performance and microstructural of hydroxyapatite thin films deposited via RF sputtering in water 
vapor-containing atmosphere. The result obtained showed that the hydroxyapatite coating 
crystalline texture along with a, b- and c-axes by nano-indentation conclusively highlighted that 
the H3/E2 parameters, H/E ratio, elastic modulus, H/E ratio, and percent of the elastic recovery 
are all determined by thin-film preferential orientation. Results from Nano-indentation also 
revealed that the hydroxyapatite thin films exhibited commensurate nano hardness and the 
modulus of elasticity is lower compare to thin films of 002 oriented, indicating that the initial thin 
films possesses higher resistance rate to crack.  The texture of sputtered hydroxyapatite was found 
to contribute to the improvement of the thin film crystallinity. Therefore, the results revealed 
potential applications of the bombardment of ion within radio frequency magnetron sputter 
deposition to control the microstructure, stability of the phase, and tailored the HA mechanical 
performance coating at the nanoscale. 
 
The mechanical property of coated hydroxyapatite-zirconia (HA‒ZrO2) prepared via magnetron 
sputtering was investigated by Kong De-jun, et al [75], with the aim to reduce the residual stress 
and enhanced the HA‒ZrO2 composite coating. The coating was produced via magnetron 
sputtering depositing Hydroxyapatite (HA) ‒zirconium (ZrO2) composite on Ti6Al4V titanium 
alloy (substrate), the coatings of 50HA‒50ZrO2 and 75HA‒25ZrO2 (mass fraction, %) were 
characterized by energy disperse spectroscopy (EDS), scanning electron microscopy (SEM), X-
ray diffraction (XRD) and scratch test, respectively, and the effect of Hydroxyapatite contents in 
the coating on residual stress was analyzed. The deposited parameters used are base pressure of 
2×10-3 Pa, sputtering power of 200 W, argon with the purity of 99.99%, deposition time of 3 hrs., 
the working pressure of 0.1 MPa. And after, it was tempered at 600 °C for 2 hrs. furthermore, the 
result obtained revealed from the surface morphology showed that the increased hydroxyapatite 
content enhanced the surface morphologies, and increased the contact area of the surface of the 
coatings. The residual stress analyses result obtained from the XRD result showed that an increase 
in the content of the HA reduces the residual stresses of the composite coatings; The result from 
the EDS analysis indicated that the surface of the coating is mainly the chemical elements of HA, 
with slight changes in the other trace elements, and the coating mechanical properties were not 
affected; the result obtained from the adhesion automatic scratch tester revealed that the bonding 
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strength of 50HA±50ZrO2 composite coating is 30 N, whereas that of 75HA±25ZrO2 composite 
coating is 17.5 N. 
 
The silicate (Si) doping effects on the Ha was investigated using RF-magnetron sputter by 
Surmeneva et al. [76], with the aim to evaluate the Si doping effects of HA thin film mechanical 
properties and structure fabricated via radio frequency magnetron sputtering on the titanium 
substrate treated using a pulsed electron beam. The experiment was conducted by depositing 
Silicon-doped hydroxyapatite-based (Si-HA) on titanium (substrate), using deposited parameters 
of 500W RF-power, argon gas pressure= (0.4 Pa working pressure with 10-4 Pa base pressure), the 
distance between the target and the substrate of 40 mm, and deposited time of 8 hrs. The result 
obtained from the FE-SEM result showed Si-HA coatings exhibit granular-like morphology with 
completely different grain sizes and shapes. Silicon presence in the films resulted in completely 
different morphologies of the surface; an increase in the content of silicon led to grain size 
decrease; The calculated 1.49±0.01 ratio of  Ca/(P+Si)  and 1.05±0.02, that was determined for the 
coating by XPS revealed that the Si-HA powder case containing 1.2 and 4.6 at.% Si was lower to 
the ratio of the theory that is (Ca/(P+Si)=1.67) typical for Si-HA. The result obtained from the 
profilometer showed that the surface roughness increased after the HA content deposition and 
decreased with an increase in the silicate content. 
 
The deposition temperature on corrosion resistance and biocompatibility effects of hydroxyapatite 
coatings was investigated by Vladescu et al. [77], with the aim to evaluate the influence of the 
temperature of the deposition on the characteristics of the HA coatings prepared via RF magnetron 
sputtering. The experiment was conducted by sputtering HA (target) on Ti6Al4V (substrates) and 
using sputtering parameters of base pressure of 1.3 × 10−4 Pa, argon working pressure of 6.6×10−1 
Pa, target power fed of 50 W, the bias voltage of −60 V, a deposition temperature of 400, 500, 
600, 700, 800◦C, sputtering time of 360 min and coatings thickness was about 450 nm. The result 
obtained revealed that the content of crystalline and HA film roughness increases with the 
deposition temperatures. The increase in the deposition temperature up to 700 ◦C led to the 
improvement of the coating resistance of the corrosion; the viability of the best cell observed for 
the HA films grown in the range of 700–800 ◦C. The result obtained from the coatings EDS 
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analysis showed that all the samples exhibited Ca/P ratios in 1.67–1.81 ratio; XRD results showed 
the increased grain size with the temperature of the growth, which is as higher mobility of adatoms 
results, resulting in aggregation of the crystallites. Also, all the coatings supported the 
osteosarcoma cells' growth and attachment with regards to the in vitro test finding. 
 
Vladescu et al. [78], investigated the sputtered Ti-doped hydroxyapatite biocompatibility and 
mechanical properties. Ti enriched with Hydroxyapatite was prepared with different content of Ti 
via radio frequency magnetron sputtering on Ti-6Al-4V alloy (substrate) using TiO2 and pure HA 
(targets). The Ti content was modified by changing the RF-power fed on the TiO2 target. Using 
deposited parameters such as Pressure of 6.7x10-1 Pa, deposition temperature of 700°C, deposition 
duration of 240 min, the distance between target and substrate is 11 cm, coating thickness of ~200 
nm and RF power target of (HA = 50 W); (TiO2 = 0 W, 10 W, 17 W, and 25 W respectively). The 
result obtained revealed that the AFM surface topography images showed the Ti presence in the 
hydroxyapatite structure decreased the coating roughness and increased the biological and 
mechanical properties; the elastic modulus and the hardness increases at the higher RF power, 
enriching hydroxyapatite coating with Ti induces good biocompatibility; the XPS analysis results 
showed the Ti content increases with increase in the RF-power feed on TiO2 target. Therefore, the 
result obtained revealed Ti addition into hydroxyapatite structure improved Ti-6Al-4V substrate 
surfaces mechanical properties and biocompatibility and can be used as a substitute for bones and 
implants. 
 
Kim and Choe, [79] studied the determination of composite layer of hydroxyapatite/titanium 
(HA/Ti) surface characteristics on the Ti-35Ta-xZr (substrate) surface by DC and RF sputtering 
while investigating the characteristics of the surface and corrosion behavior of HA/Ti composite 
layers on the surface of Ti-35Ta-xZr for dental applications. The deposition parameters used are 
Ti target in the DC mode with a base pressure of 3.0×10−5Torr, 2.0×10−2 Torr working pressure, 
Gas Ar2 of (40 sccm), 20 min pre-sputtering time, 60 min deposition time, and power of 100 W.  
While HA target was performed in the RF mode using base pressure of 3.0×10−5Torr, the working 
pressure of 2.0×10−2 Torr, Gas Ar2 of (40 sccm), 20 min pre-sputtering, deposition time of 60 min, 
and power of 50 W. The result obtained from the impedance test and polarization behavior showed 
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that the HA/Ti composite layer exhibit good resistance to corrosion compares to the Ti layer; 
hydroxyapatite coating acts as a stable barrier in increasing the resistance of corrosion; HA/Ti 
composite layer exhibit better electrochemical behavior than the layer of single Ti. The result 
obtained from XRD revealed the β (211) peak appeared with increased content of Zr and was 
concluded that the composite layer of HA/Ti was a better candidate as it can enhance the rate of 
resistance to corrosion and improved bioactivity. 
 
Surmeneva et al. [80], investigated the fabrication, ultra-structure characterization and in vitro 
studies of radio frequency magnetron sputtering depositing nanohydroxyapatite thin films on pure 
titanium for applications of biomedical, with the aim to reveal the surface morphology evolutions, 
formation of the phase, ultrastructure, and structure of the CaP coating during growth and the 
properties of the CaP coating effects on the behaviors of the cell in vitro. The deposition parameters 
used are the power of 200 W, deposition time of 1 hr., 2 hrs., and 3 hrs., the pressure of 0.1 Pa, 
target-to-substrate distance = 40 mm and Ti = (10 mm x 10 mm, 1 mm thick). The result obtained 
revealed an increase in the time lead to an increase in the coating thickness respectively. The result 
obtained from the SEM image showed an increase in thickness leads to average grain size 
increased from 110 ± 35 to 360 ± 120 nm. The lattice parameter and the crystallite sizes obtained 
by the Rietveld refinement result showed the crystallite size slightly increased from 40 to 46 nm 
when increasing the time of the deposition, indicating that the hydroxyapatite coating was 
nanocrystalline. 
 
Surmeneva et al. [81], investigated the bone marrow stromal cells (BMSCs) adhesion and 
hydroxyapatite (HA) coatings deposited in vitro degradation on the magnesium alloy (AZ91) 
surface with the uniform and pore-free hydroxyapatite coating. The deposition parameters used 
are RF-power of 400W, Ar atmosphere at 0.4Pa, deposition time of 600min, substrate pulse biasing 
of −25 V and −100V, the duty cycle of 10%, substrate pre-treatment of (RF power=40 W, pulsed 
substrate bias −500V, Ar of 0.4Pa, deposition time at 1h, and Temp of 300°C). Post-deposition 
annealing at 400 °C for 2 hrs at a heating rate of 1 °C/ min. The result obtained from the XRD 
showed that all the studied samples consisted of the hexagonal HA phase and the result obtained 
from the EDS showed the ratio of the Ca/P was in the same magnitude order throughout the studied 
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coatings (Ca/P=1.59–1.62); AFM images result showed the microstructure of the HA coatings is 
grain-like; Negative bias voltage increased during the deposition of the HA coating influenced the 
coating morphologies, and their phase composition and structure remain the same. Furthermore, 
the heat treatment led to cracking of the surface and micro-holes formation. Thus, the study 
demonstrated that the negative pulse bias applied for deposition of the HA coating enhanced the 
features of the surface of the AZ91 magnesium alloy and BMSCs adhesion in vitro. 
 
Kim et al. [82], investigated the formation of hydroxyapatite on Ti-25Ta-xZr titanium alloys 
resulting from electrochemical deposition and RF-magnetron sputtering techniques. The 
deposition parameters used were electrochemical of the counter electrode of carbon, the 
temperature of 80°C ± 1, Scan rate 100 mV/s and No. cycles is 50;  RF sputtering of Target of HA, 
Base pressure of 10−6 Torr, working pressure = 10−3Torr, Gas Ar of (40 sccm), Pre-sputtering time 
of 10min, Deposition time of 2hrs, and supplied power of 45 W. The result obtained from Optical 
microscopy showed that the Ti-25Ta-xZr microstructure is needle-like and martensite structures 
and decreases with an increase in the content of Zr in the Ti-25Ta-xZr system; The EDS results 
revealed Ta, Zr, P, Ti, and Ca present in the coated layer; Plate-like precipitates deposited by RF 
sputtering was thicker than electrochemical method HA plates deposited Ti-25Ta-xZr alloy. FE-
SEM image result obtained showed the morphology of the HA coatings via electrochemically on 
Ti-25Ta-xZr alloy has similar plate-like precipitate consisting of agglomerated particles of HA. 
Thus, the RF sputtered HA coatings with droplet surface morphology, and the ratio of Ca/P 
increases compared to the underlying electrochemically deposited HA coatings, and the HA 
coating by RF sputtered exhibits better wettability compared to the surface of the bulk titanium 
alloy. 
 
Lenis et al. [83], investigated the effects of the thermal treatment on structure, phase, and 
mechanical properties of hydroxyapatite coating grown by radiofrequency sputtering to control the 
RF-magnetron sputtering process parameters at a lower power density in order to the obtained 
coating of HA on Ti-6Al-4V with the ratio of Ca/P close to 1.67. The deposited parameters used 
are sputtering power of 600 W, time at 5 hrs, 80 mm target to substrate distance, bias voltage 
−30V, −25V, and −20V, Argon gas at 99.99% of purity, and heat-treated at 400°C and 700°C for 
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2 hrs in argon atm. The result obtained from the profilometer showed an increase in bias voltage 
led to the densification of coating and decreased in the thickness of the films; The HA coating 
cross-sectional view without heat-treatment result obtained from the SEM showed a dense and 
compact coating; The XRD result showed there are changes in preferential growth between the 
deposited coatings and the HA target. Full Width at Half Maximum (FWHM) and size of the 
crystallite for the coatings obtained as the annealing temperature increased revealed the crystallite 
size increases with the thermal treatment applications by 38 % and 43 %  for HA 400°C and HA 
700°C respectively. The elastic modulus and hardness result obtained showed the HA coating 
value of  H and E on Ti-6Al-4V increases by 5% and 9% respectively and the HA coating without 
heat treatment (HA WHT) of HA 400°C samples decreased to the lowest value at 700°C. 
Therefore, the results obtained showed this thin film can have potential applications for device 
surface modifications that required control at high dimensions, such as microplates and screws 
used in the biomedical industries, that may be heat-treated at a relatively low temperature 
increasing their crystallinity and mechanical property. 
 
Surmeneva et al. [84], investigated the structure of an RF magnetron sputter deposited silicate-
containing hydroxyapatite-based coating investigated by high-resolution techniques by depositing 
(Si-HA) target on titanium and silicon substrates with the aim to described the Si-HA coating 
structures using high-resolution techniques. The deposition parameters used are 290 W RF power, 
argon gas pressure (0.1 Pa working pressure, 10−5 Pa base pressure), substate to target distance at 
40mm, deposition time of 1 h, 2 hrs, and 3 hrs, and deposition temperature at RT to 200°C. The 
result obtained from the SEM analysis showed that the coatings deposited for 3 hrs were uniformed 
and its thickness was 790±50nm which corresponded to the average deposition rate of 4.4±0.3 nm 
min−1. The increase in substrate temperature and bombardment of ions during the growth of thin-
film increases the coating adatoms mobility. The Ca/P ratio of the deposited coatings for 3 hrs is 
higher than the stoichiometric hydroxyapatite (Ca/P=1.67) as obtained by EDX was 1.78; the result 
obtained from EDX showed the coatings consisted of Ca, Si, P, and O, with Ca/P and Ca/(P+Si) 
ratios of 1.74 and 1.56, respectively. XRD analysis result obtained showed the coating was nano-




Das et al. [85], investigated the thickness effect on microwave dielectric optical properties of 
Hydroxyapatite films deposited by RF sputtering by deposition of Hydroxyapatite on quartz 
substrates. The parameters used are target-substrate distance at 6 cm, RF-power of 50 W, 
depositions time at 60, 80, 180, and 520 min, the pressure at 7 x 10-3; Torr, Argon gas at 99.999% 
pure and Films of thicknesses 300 ± 10, 400 ± 10, 1000 ± 12, and 3000 ± 15 nm were produced. 
After, it was annealed in air at 700°C for 2h. The result obtained from structural and 
microstructural analysis from XRD revealed that the as-deposited films are amorphous and after 
annealed at 700°C for 2h, its crystallinity of the films improved. An increase in the deposition time 
led to a significant improvement in the crystallinity of the coatings; The estimate of the strain 
obtained through XRD using a uniform deformation model (UDM) revealed that the increase in 
the thickness led to the residual strain that caused the shift in the peaks. The increase in the coated 
film thickness led to an increase in the unit cell volume and average crystallite size. whilst the 
coefficient of the nonlinear absorption decreased with an increase in the thickness of the HA films. 
The EDS analysis revealed that the HA coating contained Ca, O, and P with a 1.58 Ca/P ratio. 
Therefore, the result obtained revealed that HA-sputtered films can be promising for optical 
limiting and tunable microwave device application.  
 
Lenis, et al. [86], investigated the effects of deposition temperature and distance between target 
and substrate, phases, structure, tribological and mechanical properties of multilayer HA-Ag 
coatings on Ti-6Al-4V by RF sputtering. The process parameters used are target-substrate 
distanced of 4 cm, 6 cm 8 cm, substrate temperature varying from room temperature (RT) to 
200°C, powers of 600W RF and 20W DC, bias voltage at -20 V, Argon gas flowrate 99.9% purity, 
and 0.5 Pa working pressure. the result obtained from the EDS analysis showed the coating 
chemical compositions obtained as an effect of distance and deposition temperature function 
increased in the ratio of Ca/P as the deposition distance increased. The coating tribological 
behaviors in simulated body fluid (SBF) solution at 37°C showed that the deposited coatings at 
200°C have higher coefficients of friction and slightly lower resistance to wear than those 
deposited at RT. The atomic force microscopy (AFM) result showed an increase in the roughness 
due to an increase in the temperature and reduction due to an increase in the distance. coating 
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crystallite size obtained showed an increased in the crystallite size of 13% and 72% deposit at 4cm 
and 6cm respectively when there is an increase in the temperature from RT to 200 °C 
 
2.8 REVIEW OF COATING HYDROXYAPATITE ON STAINLESS 
STEEL 
 
Stainless-steel is a biomaterial that can be used as bone plates, however, it has low biocompatibility 
to the human body. Therefore, to enhance stainless steel biocompatibility,  Ahmad et al. [87], 
investigated the coating of Hydroxyapatite on stainless steel 316L using the Electrophoresis 
deposition method with the aim to study the applied voltage and effect of the deposition time on 
HA-coated stainless steel 306L. The powder was deposited on the substrate at 40, 50, and 60 volts 
and deposition time 10, 20, and 30 min. The result revealed that the coating thickness of deposited 
hydroxyapatite increased by increasing the coating time on stainless steel. The SEM analysis result 
showed that the HA layer increased by increasing the deposition time of coating stainless steel 
316L with HA. The corrosion test revealed the coated stainless steel 316L corrosion rate is lower 
than the uncoated stainless steel. The coating produced at a voltage of 50 volts and a coating time 
of 30 min, can be employed as an implant because hydroxyapatite is deposited  completely on the 
substrate surface  
 
 
Khandelwal et al. [88], investigated the hydroxyapatite coating characterization by pulse laser 
deposition technique on 316L stainless steel and varying the laser energy. The result obtained 
revealed that the particle sizes increase on increasing the laser energy (500 mJ). The analysis of 
XRD confirmed that an increase in the laser energy enhanced the coating uniformity and 
crystallinity. The result obtained from the EDX analysis results showed the presence of calcium 
and phosphate in the as-sprayed coating. The formation of agglomerated particles which decreased 
the surface roughness of the coating was formed at higher laser energy. The laser energy increased 




Thanh et al. [89], carried out an experimental study on controlling the electro-deposition, 
morphologies, and structure of hydroxyapatite coating on 316L stainless steel. The morphologies, 
structure, and coating composition were thoroughly characterized by Fourier transform infrared 
(FTIR) spectra, SEM, and XRD. The simulated body fluids (SBF) of the in-vitro test were carried 
out and the morphologies and changes in the structures were estimates by SEM and electro-
chemical technique (polarization curves, open-circuit potentials, Nyquist and Bode spectra 
measurement). The result obtained revealed an increment in the reactant concentration from S1 to 
S3 produces more OH− and PO4 3− ions on the surface of the electrode, which led to the increase 
of the current density. EDX analysis of hydroxyapatite coating obtained revealed Ca, O, and P in 
hydroxyapatite composition, corresponding to 31.2 %, 17.20%, and 46.11% (w/w) respectively.  
H2O2 addition led to smoother hydroxyapatite coating’s when intervening in the reaction 
mechanism. Thus, the result obtained showed this method is good to produce hydroxyapatite 
implant material with good characteristics and properties, aiming toward in-vivo bio-medical 
application.  
 
Mohammadzadeh Asl, et al. [90], investigated the surface modification of 316L stainless steel by 
laser-treated nano-hydroxyapatite–polylactic acid (nHA-PLA) films towards improving 
biocompatibility and corrosion resistance in vitro with the aiming of improving the properties of 
the surface of the composite films. The composite coating was characterized using FTIR, XRD, 
SEM, Micro-hardness measurement, and the potential biomedical applications of the fabricated 
implants were considered. Electrochemical measurement in the simulated physiological condition 
and biological basic tests like cytotoxicity is also conducted. The FTIR spectrum result obtained 
showed the suspension was a HA and PLA mixture with almost no impurities. XRD results 
obtained revealed that the coating of the composite with polylactide does not degrade during laser-
treating. The SEM micrograph result obtained revealed that the coating deposited was uniformed, 
compact, crack-free, homogeneous, and bonded well on the stainless steel 316 (substrate). The 
average micro-hardness of as-received stainless-steel, substrate climbed from 102 to 159HV, due 
to the deposition coatings with a composite of nHA-PLA and subsequent laser treatments.  The 
electrochemical study results in SBF at 37°C revealed a substantial increase in the resistance to 
corrosion of 316L substrate due to nHA-PLA composite coatings laser treatment. Cytotoxicity 
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assay revealed the improvement in the biocompatibility and cell attachment of the metallic 
substrate owing to the coated nHA-PLA which is followed by the laser treatments. The reduction 
in electron transported and ions between the 316L substrates and SBF produce by laser-treated 
hydroxyapatite barrier coating resulted in decreases electrochemical reactions and rate of 
corrosion. Therefore, the substrate possesses more biocompatibility and resistance to the 
biomedical device for practical biomedical applications. 
 
The surface morphologies, bio-activity, and anti-bacterial study of pulsed laser deposition of 
hydroxyapatite coating on 254 stainless steel for the applications of orthopedic implants were 
investigated by Das and Shukla [91]. The research was based on the osteogenic performance and 
protective improvement of new stainless-steel generations with the aiming of yielding superior 
implant materials. The surface morphologies of the hydroxyapatite coatings deposited were 
characterized using SEM, AFM, XRD was used for the determination of the composition of the 
phase deposited hydroxyapatite coatings, and the ellipsometer and the tensometer was used in 
determining the hydroxyapatite coatings thickness and adhesive strength, respectively. While the 
deposited HA coating's antibacterial efficacy was provided via the fluorescence-activated cell 
sorting modern technique and the HA coating bioactivity was revealed by conducting an 
immersion test in a simulated body fluid environment. The result obtained from SEM and AFM 
revealed higher surface roughness of (8 nm) average, which facilitates better osseointegration. 
XRD result obtained revealed the post-deposition annealing is essential to achieve the desired 
crystallinity and uniformity of the coating. The coatings adhesive strength result obtained was 
higher than the standard and their superior anti-bacterial property and bioactivity were also 
confirmed. The test of immersion inferred high bioactivity of HA coating pulsed laser deposition. 
Thus, the result obtained showed it promising in line to enhance the orthopedic implant mater. 
 
Javidi et al. [92], investigated the natural hydroxyapatite on medical grade stainless steel 316L 
electrophoretic deposition to find the optimum condition for continuous preparation of crack-free 
coating and uniformity by studying the thickness of the coating, efficiency of the deposition, and 
the roughness. The coating was deposited on the cathode at 30V, 60V, and 90V in 1min to 5min 
and at a constant voltage. Hence, after it was deposited, it was dried for 24h at room temperature, 
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and after, the roughness of the coating, and deposition weight was measured. Furthermore, after 
the sample was coated, it was sintered in a vacuum furnace for 1h at 800°C. The sample surface 
morphologies were studied by an SEM, and the coating material phase purity was investigated by 
X-ray diffraction. The coating efficiency, roughness, and thickness results revealed that at every 
voltage applied, the weight of the deposition increases with time, but the curve slope decreases 
with increment in the deposition time. During the EPD process, the density of the current increases 
at constant voltage and yields to saturation with deposition lapses. After, during the EPD coating, 
an increase in the applied voltage led to the roughness increased and result in rough coating 
formations. The coated samples at 60V and 3min produced continuously, crack-free, and adherent 
coating after the sintering. The result obtained from the XRD quantitative analysis of the sintered 
coating showed 2% TCP present due to hydroxyapatite coating partial decomposing on stainless-
steel 316L under vacuum during the sintering. 
 
2.9 SUMMARY  
 
The chapter described the fundamentals of biomaterial, surface engineering, the thin film and its 
processes, advanced deposition techniques with more attention focused on magnetron sputtering. 
Hydroxyapatite (HA) sputtering was reviewed and hydroxyapatite coating on stainless steel alloy 
was reviewed. Chapter three will be more focused on the deposition process technique, the 














In this chapter, the experimental procedures of the research are described. The samples were 
prepared via radio frequency (RF) magnetron sputtering and then the coating was characterized 
for various properties. Furthermore, a Taguchi approach was used for the optimization of the 
process parameters of the coatings.   
 
3.2 MATERIALS AND EQUIPMENT  
 
3.2.1 SUBSTRATE  
 
The research was done using stainless steel AISI 304 alloy of 100 mm x 100 mm as substrate. 
Stainless steel 304 is a T300 series SS austenitic, its mechanical properties, chemical composition, 
corrosion/oxidation resistance, and weldability provide the best exceptional performance at a 
lower cost. It is one of the most widely used stainless steel and it has higher heat and corrosion 
resistance than regular steel. Also, it is used due to its ease in forming different shapes. Table 3.1 
shows the chemical composition of stainless steel 304 and Table 3.2 is the typical physical and 
thermal properties of stainless steel AISI 304. 
Table 3.1. The typical chemical composition of stainless steel AISI 304 [93]  
Element  Weight percentage (wt. %) 
Nickel (Ni)  8.3 
Carbon (C) 0.06 
Manganese (Mn) 1.66 
Molybdenum (Mo) 0.30 
Sulfur (S) 0.030 max 
Silicon (Si) 0.48 
Chromium (Cr) 18.47 
Niobium (Nb) 0.027 
Copper (Cu) 0.37 
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Nitrogen < 0.2 
Phosphorus < 0.01 
Iron (Fe) 66.74 – 71.24 
 
Table 3.2 Typical physical and thermal properties for stainless steel AISI 304 [94] 
Parameter  Value  Unit  
Elastic modulus  193 GPa 
Coefficient of thermal expansion  17.8 Mmm−1 ◦C−1 
Thermal conductivity  16.2 W/mk 
Density  8000 Kg/m3 
Poisson ratio  0.3 --- 
Specific heat capacity  500 J/kgk 
 
 
3.3 EXPERIMENTAL PROCESS  
 
Radio frequency (RF) magnetron sputtering is used for the deposition of the thin-film coatings 
process. This deposition process is efficient for the deposition of quality thin film coatings, 
therefore, enhancing the surface properties of the stainless steel under an aggressive environment. 
The materials surface properties coated such as the roughness, chemical deposition, topography, 
surface coating texture play a key role in the efficiency determining the interaction and material 
properties. Furthermore, some properties such as bioactivity, biocompatibility, corrosion, wear, 
osseointegration dependent on the surface properties, therefore it is significantly important to have 
a good understanding of their inter and intra relationship between these properties and deposited 
parameters. The experimental process involved the following steps: 
➢ Material selection: The target material and substrate selection are 99% pure hydroxyapatite as 
the target material and stainless steel as the substrate. 
➢ The setup of the experiment: The identification of the best significant radio frequency 
sputtering process parameter from the literature. 
➢ Characterization: The use of the characterization response for the identification of the final run 
upper and lower limit. 
➢ Final experimental matrix development: The use of Taguchi for the development of the final 
experiment matrix using two input variables in levels L9. 
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➢ Final experimentation: The deposition of the hydroxyapatite (target) by radio frequency 
magnetron sputtering on the stainless-steel (substrate), as per L1 to L9 experimental matrix. 
➢ Characterization: The conducting of the characterization such as the morphologies, structural, 
corrosion, and tribological test on the coated samples. 
➢ Statistical analysis: The development of an empirical relationship between the Taguchi, 
ANOVA, and radiofrequency process parameters and checking the radio frequency process 
parameters influence on the response of the output. 
 
 
3.4 RADIO FREQUENCY MAGNETRON SPUTTERING AND THE 
DEPOSITION PROCEDURES FOR THE HAP COATING 
 
This research deposition process was carried out at Botswana Institute of Science and Technology 
(BIUST), Palapye, Botswana. The deposition machine used is the HHV TF500 system, 
manufactured by HHV limited in the United Kingdom. The HHV TF500 system is shown in Figure 
3.1 It is an advanced deposition machine developed for an improved level of thin-film coating 
process depositions capability. The HHV TF500 is a versatile sputtering machine and can be used 
for depositions of three different coating process modes namely Ion Beam deposition, thermal 
Evaporation, and RF magnetron sputtering processes. The HHV TF500 power source includes 
resistance sources, electron beam sources, and radiofrequency and direct current sputter sources. 
The Ion beam source of the HHV TF500 is either radio frequency (RF) and direct current (DC) 
type with the narrow beam for etching and broad beam for the modification of the surface. The 
chamber of the coating is made up of stainless steel with the high vacuum pump, turbopump, 
backing pump, and cryogenic pump mounted beneath the chamber. The target holder and the 
sample arrangement are designed to produce a good deposition process that can at the same time 
accommodate resistance. The HHV TF500 system allows concurrent sputtering of multiple targets 
and loaded substrate with uniform sample thicknesses. The monitoring and the sputtering process 
control are controlled by the microprocessor-based programmable logic controller PLC console 
and can be operated either in manual or fully automated or semi-automated mode. The control 
system has functions such as running state selection, temperature and speed control, negative 
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pressure control, recording and working state printing. Other features of the HHV TF500 include 
load lock, sample handling option, and high-temperature substrate heater of up to 400oC. 
The radiofrequency magnetron sputtering configuration of the TF500 coater was employed for the 
deposition process. This deposition process involved generating plasma, ejections of atoms from 
the target, condensation of the ejected atoms on the substrates, and atoms growth on the surface of 
the substrate by reproducing the cycle in a high vacuum environment. The procedure steps of the 
sputtering deposition of the thin film coatings on HHV TF500 are expounded below.   
➢ The operational conditions where was checked such as the water level for safe operation should 
be full. The compressed air supply on the gauge inside the back door on the right side is 
checked making sure it is at 6 KPA. The gas pressures were also checked to ensure gauge 
reading was between 200 and 250KPA as recommended.  
➢ The chiller, programmable logic controller (PLC) system, and the computer were switched on 
respectively, and after, program the machine for the coating by PUMP START until the HV 
mimic button turned to an active mode.     
➢ The sample target (hydroxyapatite) was loaded and mounted properly on the cathode inside 
the chamber. The sample substrates were cleaned properly and were attached to the work 
holder which serves as the anode inside the chamber, positioned directly on top of the cathode. 
➢ The unused method (thermal evaporation and ion beam) in the chamber was completely 
covered using aluminum foils to avoid contaminations from the sputtering process.  
➢ The PLC system was used for the programming of the deposition process parameters. The 
parameters were the deposition time and the radio-frequency power. The sputtering deposition 
time used were 1.5 hours, 2 hours, and 2.5 hours and the RF power of 50 W, 75 W, 100 W 
respectively from L1 to L9. The deposition was carried out by keeping 50 W constant and 
varying deposition time of 1.5 hrs., 2 hrs., and 3 hrs. for L1 to L3, and keeping 75 W constant 
and varying deposition time of 1.5 hrs., 2 hrs., and 3 hrs. for L4 to L6, and keeping 100 W 
constant and varying deposition time of 1.5 hrs., 2 hrs. and 3 hrs. for L7 to L9 and all other 
parameters were kept constant throughout the deposition process. 
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➢ The chamber was evacuated to clean the environment from the contaminations by using a high 
vacuuming pump. The cryogenic pump was also switched on for acceleration of optimal 
vacuum condition and chamber evacuation. The chamber was evacuated to a base pressure of 
about 1.13 x 10-5 mbar.  
➢ The heater power increased independently during the evacuation process gradually so that its 
temperature reached the deposition value.  
➢ After setting all the parameters needed for the deposition process and procedures such as 
switching the on “HEATER” to heat work holder to the desired temperature, The RF was ‘on’ 
and the “ARGON” was introduced to plasma formation. And after plasma was observed 
through the chamber window to make sure it visible.  
➢ After the visibility of the plasma formations, the sputtering of the target is triggered, and 
sputtering (pre-sputtering) was done for 10 min before opening the shutter to remove the 
contamination from the target surface. After the pre-sputtering was completed, the shutter was 
opened, and the formation of the plasma is exposed to the substrates. The films are ignited and 
accelerated to the substrate and get deposited to the surface of the substrate. Hence when the 
desired sputtering time is elapsed, the plasma shut down automatically and the RF power, 
argon, heater, and rotation are all switched off.   
 
 After the deposition process, the samples were then left in the chamber to cool to room 
temperature under a vacuum, cause the instant removal of the samples may lead to thermal shock 


























Figure 3.1.  HHV TF500 system versatile box coater magnetron sputtering 
(Picture by the Author) 
 
SPUTTERING CHAMBER 
The HHV TF500 Sputtering chamber is the critical section of the RF-magnetron sputtering system. 












the ejection of atoms from the target, and the deposition of the films to the substrate(s) take place 
in Figure 3.2. The outer and inside surfaces of the chamber are made up of stainless steel, such as 
the sample holders, spraying devices, shutters, and the environment. The sputtering chamber is 
500 mm x 500 mm in dimension. It can accommodate two targets for sputtering at the same time. 
The substrate is always mounted on the rotating sample holder on top of the chamber and the 
revolution of the sample holder makes it possible to have a homogenous thin film coating on the 
surface of the substrate.    
 
 
Figure 3.2. HHV TF500 sputtering chamber 
 
3.5 SAMPLE PREPARATION  
 
The stainless steel (substrate) surface was ground and polished according to the ASM international 
grinding and polishing metallographic standard [95]. Different textures of grit sizes of silver 
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carbon papers were used for the grinding process. After polishing the surface to remove 
contaminants, the substrates were further cleaned in acetone, isopropanol, and finally in deionized 
water for 15 mins to remove all the contaminants and dirty, respectively. The target used for this 
research work is a solid Hydroxyapatite (HA) of ∅ 75 mm x 3 mm dimension. The Hydroxyapatite 




Figure 3.3 Hydroxyapatite (HA) target 
 




3.6.1 SCANNING ELECTRON MICROSCOPY (SEM)/ ENERGY DISPERSIVE 
SPECTROSCOPE (EDS) CHARACTERIZATION 
 
The scanning electron microscopy (SEM) can be classified as a non-destructive test because the 
generated x-ray by the interaction of the electron does not result in the sample's volume loss which 
makes the same sample be analyzed repeatedly. A scanning electron microscope (SEM) is used to 
study the morphologies and compositional characteristics of the surface of thin films. Furthermore, 
the beam of the electron is focused on the signal generations from the samples. The signal 
generated is acquired in the detector and processed to form an image on the screen. The EDX 
attached to the microscope allowed the detection and identification of the specimen elemental 
composition. The narrower probing beam of both the high and low electron energies provided by 
the field emission cathode in the microscope improved the electron gun of the spatial resolution 
and minimized the sample charging and damage. Figure 3.4 is the photograph of the machine 
employed for the SEM characterization is the TESCAN VEGA3 scanning electron microscope 
(TE-SEM) model made from the Czech Republic and equipped with the Oxford instrument for the 
EDS. The analysis was done at the department of chemistry, University of Johannesburg, South 
Africa.  
 
Figure 3.4 TESCAN Scanning Electron Microscope (TE-SEM) equipped with Energy 




3.6.2 X-RAY DIFFRACTION CHARACTERIZATION  
 
The machine employed to carry out the XRD characterization for the study of the crystal structure 
and the chemical composition of the Hydroxyapatite coating (sample) is Drawell Y3000 x-ray 
diffraction (XRD). DW Y3000 has a rated power of 3KW, scanning range of 0-164, and scanning 
speed of 0.0012° -70° min. X-ray diffractometer consists of three basic elements such as the X-ray 
tube, the sample holder, and the X-ray detector. The parameters used for the experimental run are 
with Cu K-alpha and wavelength (λ) of 1.5406 Å, operated at 30 kV tube voltage and tube current 
of 25 mA in a range of 10–70°, scanning speed of scanning rate of 0.0200°s–1. range of X-ray 
diffraction measurements of "thin" (11000 nm) films using conventional θ/2θ linkage scanning 
methods generally produce a week signal from the film and an intense signal. Below in Figure 3.5 
is the photograph of the Drawell Y3000 X-ray diffraction (XRD) machine at Botswana 
International University of Science and Technology, Palapye, Botswana was used for this study. 
Furthermore, An X-ray diffraction test is a non-destructive analytical test that can be used to reveal 
detailed information of the sample crystal structure. Solid and powder form can be carried out in 
the Drawell Y3000 XRD machine. 
The crystallite size of the HA coatings was calculated using Scherrer’s equation.  
➢ 𝐶 =       
𝐾𝜆
𝛽𝑐𝑜𝑠Ɵ
             𝑖𝑛 (𝑛𝑚)                     3.1 
➢ =       
𝛽 cos 𝜃
4
                                                 3.2 
➢ 𝛿 =          
1
𝐶2
                                               3.3 
 
Where  𝐶 = Crystallite size 
           𝛿 = Dislocation density  
            = Micro strain 
           K = 0.9 dimensionless constant  
           𝛽 = Broadening at Full Width at Half Maximum (FWHM) 
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           𝜃 =   Diffraction angle 
           λ = X-ray radiation wavelength 
The X-ray diffraction analysis procedure involved: 
➢ The sample was cleaned properly and placed into the sample holder assuring a flat upper 
surface in other to achieve a lattice orientation and was fixed inside the XRD sample holder 
on the chamber. 
➢ The parameters used for the experimental run were programmed on the X-ray computer 
monitor.  
➢ The surface of the samples was scanned at a low angle to reduce the impact of the substrate 
on the coating structure and the diffraction was captured by the X-ray detector.  
➢ The diffracted radiation is detected by the counter tube, which moved along the angular 
range of reflection. 
➢ The intensities are recorded and the showed the output on the computer monitor system 






Figure 3.5 Drawell Y3000 X-ray diffraction machine 
 
3.6.3 ATOMIC FORCE MICROSCOPE CHARACTERIZATION 
 
Atomic force microscope can also be called scanning force microscopy. It is a high-resolution 
scanning probe microscopy. It has a resolution on the fraction order of a nanometer, and it is more 
than 1000 times better than the optical diffraction limits. AFM is operated commonly in three 
different modes (figure 3.6) such as: “contact mode which is an AFM process where the AFM 
probe is dragged essentially across the surface of the sample while the force between the sample 
and tip remains constant during the scan; non-contact mode which is a process where there is no 
contact between the probe and the surface of the sample; tapping mode which is also called 
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dynamic contact mode, and it is process is more applicable to air general imaging such as a soft 
sample and has similar resolution to the contact mode but the force applied to the samples is less 
damaging.” [96] [97]. Figure 3.7 is the photograph of the AFM machine employed for this 
experimental run is BRUKER Dimension Edge Atomic Force Microscope machine at Botswana 
International University of Science and Technology (BIUST), Palapye, Botswana. The BRUKER 
Dimension edge AFM is with ScanAsyst software and it provides a high level of performance, 
accessibility, and functionality in its class. It is fast and its integrated visual feedback and 
preconfigured settings enable it to give consistently and simply the expert-level result, making it 





Figure 3.6 Interatomic force versus distance curve (a) non-contact mode, (b) contact (d) tapping 
mode [96] 
 
The experiment run was carried out in an ambient condition with regulated humidity and 
temperature. Additionally, the instrument used is Bruker Dimension Edge with ScanAsist, and 
scan mode was peak force tapping mode, the cantilever used was ScanAsist-Fluid+ Silicon tip on 
Nitride Lever with Spring Const at 0.7N/m, and the scan range was 1 by 1 micron.  
The Atomic force microscope experimental procedure are:  
65 
 
➢ The samples are cleaned and carefully placed under the AFM probe tip. Then, the tip is 
positioned close to the surface of the sample manually. And the scanner makes the ultimate 
adjustment in tip-sample distance base on the user set point. 
 
➢ The tip in contact with the surface of the sample is scanned under the piezoelectric actuator 
action by positioning the tip relative to the surface of the sample. 
 
➢ The force between the sample and the tip is calculated and the scanner moved in the z-direction 
is stored in the computer relative to spatial variations in the x-y plane to generates the surface 
of the sample's topographic image. 
 
➢ The BRUKER Dimension edge with ScanAsyst AFM software in the computer is used to 
analyze and obtain the topography of the surface roughness statistical information. 
 
 




3.6.4 MICRO-HARDNESS TESTING CHARACTERIZATION 
 
The HA thin film coating microhardness testing was carried-out via Vickers hardness tester (FM-
800 Japan), with diamond indentation. A known load of 500 g force was applied smoothly on the 
sample piece within a given dwell time of 20 seconds and then fully unloaded. This 
characterization was carried out at the Tshwane University of Technology, Pretoria, South Africa. 






Figure 3.8. Vickers hardness tester (FM-800 Japan) 
 
3.6.5 WEAR TRIBOLOGICAL CHARACTERIZATION 
 
The characteristics of the wear of the sample were studied using the Rtec Universal linear 
reciprocating ball-on-disk tribometer in ambient conditions and can be considered as macrostrach 
testing. The ball on disk type tribometer was made by the study team following the ASTM G99-
2017 (Standard Test Method for Wear Testing with a Pin-on-Disk Apparatus) [88]. A 6.350mm 
Aluminum ball was used as the counter body, the test was carried out at a normal load of 5N, 7.5N, 
and 10N with sliding speed of 1m/s, sliding time of 10min, and sliding displacement of 5mm. 
During the experiment of the coefficient of friction was continuously monitored by the transducer 
of the linear variables displacement and were recorded in the data acquisition computer attached 
to the tribometers. Furthermore, the wear tracks will be analyzed using the 3D profilometer. And 
the data were collected for all the samples. The tribometer pin-on-disc working condition are 
presented in the table below. And below in Figure 3.9 is the photograph of the Rtec Universal 
tribometer MTF-5000 ball-on-disk tribometer used for this study in Botswana International 
University of science and technology (BIUST), Botswana. 
Table 3.3 parameters for the Pin on Disc Tribometer Test Condition 
Parameters Condition 
Ball Aluminum 
Ball diameter 6.350mm 
Sliding time 10min 
Sliding distance 5mm 
Load 5N, 7.5N, and 10N 
Sliding speed 1m/s 
Environment Air 
 
The wear volume, wear rate, and wear resistance calculations were determined by the equations 
below respectively [99][100]. 
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𝑑2 + ℎ2]                                             3.4 
                        Wear rate =  
𝑤𝑒𝑎𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 
𝑠𝑙𝑖𝑑𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
                               3.5      
                        Wear resistance = 
1
𝑤𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 
                              3.6 
Where V = wear volume 
            d = wear scar width 
            h = scar depth  
 
 
Figure 3.9 Rtec Universal tribometer MTF-5000 
 




Figure 3.10 is the photograph of the Nikon Eclipse 50/POL Optical microscope at the Botswana 
International University of science and technology (BIUST), Palapye, Botswana. It was employed 
for the optical micrograph for the imaging of the wear scar image. 
 
 
Figure 3.10 Nikon Optical Microscope 
 
 
3.6.7 CORROSION CHARACTERIZATION 
 
The electrochemical test was undertaken using Auto-Lab Potentiostat Galvanostat to carry out the 
experimental run for the corrosion behaviors of the HA thin film deposited on stainless steel AISI 
304 samples. The Auto Lab instrument along with the NOVA software offers a wide array of tools 
for studying the process.   
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The sample's corrosion behaviors in the simulated saline medium of 3.5% NaCl were analyzed 
using a linear potentiodynamic polarization method. Three (3) electrode system viz: Ag/AgCl 
reference electrode, platinum rod counter electrode, and sputtered samples as the working 
electrode were used to check the rate of the corrosion (mm/yr.), the potential of the corrosion (V), 
current density (A/cm2), and polarization potential (Ω).  The current was fixed at 10 nA and 10 
mA, the potential was regulated between -1.5 V and +1.5 V at a rate of the scan of 0.0015 V/s 
according to the ASTM G102-89, while the investigation was carried out using autoload 
potentiostat coupled with NOVA software of 2.1 version. The electrolyte used in this research 
study is Hank’s solution (Simulated body fluid), and the choice of the electrolyte was based on the 
biomedical application of the coating. Figure 3.11. is the photograph of Auto-Lab Potentiostat 
Galvanostat employed for the electrochemical test. 
 
 
Figure 3.11 Auto Lab Potentiostat Galvanostat 
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3.7 OPTIMIZATION TECHNIQUE 
 
3.7.1 THE TAGUCHI ANALYSIS 
 
Taguchi method can be described as a statistical method which was developed by Taguchi and 
Konishi [101]. It is a significant and powerful tool for optimization which includes conducting, 
analyzing, and planning experiments to achieve a good level of control factor. Taguchi Method 
involved identifying properly controlled factors to obtain the process optimum result. Taguchi uses 
a table called orthogonal Arrays (OA) in conducting an experimental set. The experimental set 
result is used in the analysis of their data and in the prediction of the components produced 
qualities. Furthermore, it used the parameter of the designs for the factors generic designation that 
influenced the qualities potentials and whose we seek to optimize and the objective is the qualities 
of the design rather than remove defective items after the facts [102]. Taguchi analyses are 
classified into two such as control factor and noise factor, control factor. The control factors are 
variables that can be controlled economically and practically while the noise factors are variables 
that are very difficult to control though they can be controlled in an experiment. The Taguchi 
method involved some important steps for the Taguchi parameter designs which are listed below. 
➢ The identification of the main functions and effects. 
➢ The identifications of the noise factor, the condition of the testing, and characteristics. 
➢ The identification of the objective functions that will be optimized. 
➢ The identification of factors to control and its levels. 
➢ The selection and construction of the best Orthogonal array matrix. 
➢ Matrix experiment conduction 
➢ Examining the data 
➢ Conducting the experiment verified 
 
Many research works have been done using the Taguchi method for their optimizations. It has 
been proven that with minimum experiments number, it improved the performance of the 
processes. The Taguchi analysis is used in the calculation of the function loss which is the 
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difference between the values desired and the experimental and converts the function loss to form 
a signal-noise (S/N) ratio. 
 
3.7.2 THE SIGNAL-NOISE (S/N) RATIO 
 
Signal-noise (S/N) ratio can be defined as the ratio of the desired signal for the value of undesired 
random noise and revealed the qualities of experimental data characteristics. Also, it is the 
quantitative analysis that can be defined by the standard deviation mean ratio. It is used in the 
measuring of the quality’s characteristic deviates from the desired value. Therefore, the method 
used for the calculation of the S/N ratio depends on the type of characteristic. The equations for 
calculating the ratio of the S/N ratio with smaller the better, nominal the better and larger the better 
approach is presented in equation 3.7, 3.8, and 3.9 respectively.  




∑ 𝑦                               𝑛𝑖=1    3.7                                                                            
 




2                                    3.8 
 








𝑖=1                      3.9 
 
Where n = the number of experiments and Y = values of the output response 
 
3.7.3 ANALYSIS OF VARIANCE (ANOVA) AND REGRESSION ANALYSIS  
 
Analysis of variance ANOVA can be defined as the statistically-based and objective decision-
making tools for detecting any variances in the items tested average group performance. 
Additionally, it allows the testing of the significance of all main factors and their influence order 
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interaction on the responses by comparison of the square of the mean against the experimental 
estimate errors at the specified level. The squared deviations total sum SST from the total mean 
S/N ratio ηm can be calculated by equation 3.10. 
SST = ∑ (ŋ𝑖 − ŋ𝑚)
2𝑛
𝑖=1              3.10. 
Where: n = Experiment number 
ŋi = ith experiment mean S/N ratio 
ŋm = Total mean S/N ratio 
 
3.7.4 EXPERIMENT MATRIX (ORTHOGONAL ARRAY) 
 
After the examining of the process parameters, two of the process parameters that are intrinsic and 
distinct features of the radio frequency magnetron sputtering process were selected as the 
independent variables, and these parameters influenced the thin-film deposition on the sample’s 
surfaces. The fishbone of the process flow chart is shown in Figure 3.12 showing the control 





Figure 3.12 Fishbone flow chart of the Process parameters and Output response 
 
The control process parameters selected are RF power (Factor A), sputtering time (Factor B), and 
with the two control factors at three-level each, the standardized orthogonal array of L9(3
3) was 
selected with a total number of nine experimental runs. The level factors used were selected 
based on the literature review and preliminary experiments done. The RF magnetron sputtering 
process parameters and the orthogonal arrays of the nine experimental runs with full details of 
the combination for each factor is shown in Table 3.4 and Table 3.5 respectively  
 
Table 3.4 RF Magnetron Sputtering process parameters 
Code Parameters Level 1 Level 2 Level 3 
A RF Power (W) 50 75 100 
B  Deposition time (Hrs)  1.5 2 2.5 
 
Table 3.5 Radio frequency magnetron sputtering experimental matrix  
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Experiment number RF power (W) Deposition time (Hrs) 
L1 50 1.5 
L2 50 2 
L3 50 2.5 
L4 75 1.5 
L5 75 2 
L6 75 2.5 
L7 100 1.5 
L8 100 2 





The HA target was successfully sputtered on the surface of the stainless-steel substrate and 
different material characterization techniques were conducted to determine the bond strength and 
effect of the thin film on the mechanical and surface properties such as the SEM, XRD, AFM, 
hardness, wear, the electrochemical behavior of the HA coating and the Taguchi optimization was 
carried out to know the effect of the process parameters on the coating. The experiment and tests 
as discussed in this chapter were carried out with due precautions and conventional standards. 
Furthermore, the results and the data were collected and recorded accurately. The results and 












The hydroxyapatite thin film on stainless steel 304L experimental analysis and characterization 
result is discussed in this chapter. The radiofrequency magnetron sputtering process parameter 
effect on the properties of the coating was investigated. The chapter is divided into two sections. 
The first section provides the discussion of coating characterization results obtained from the 
sputtered HA coating on stainless steel. The second section discusses the optimization process 
parameter using the Taguchi analysis. The coating was characterized in detail using the SEM and 
EDX for the structure characteristic, Atomic force microscope (AFM) and X-ray diffractometer 
(XRD) was used for the phase and topography analyses. The thin film mechanical properties were 
evaluated using micro-hardness and tribological properties of the coating such as micro-scratch. 
An electrochemical corrosion test was done to determine the behavior of the corrosion of the 
sample. The result was determined from the chemical viability, microstructural analysis, and the 
coating mechanical properties of the HA coating.    
 
4.2 COATING CHARACTERIZATION ANALYSIS 
 
4.2.1 SURFACE MORPHOLOGY ANALYSIS OF THE HYDROXYAPATITE 
COATING ON STAINLESS STEEL 
 
The planar views of the surface morphology of the coated HA (target) on stainless steel (substrate) 
obtained from the scanning electron microscopy (SEM) are shown in Figure 4.1. The micrograph 
of the surface of the HA coating was taken at the same magnification of 1.00kx. The SEM image 
revealed regardless of the varying time, the sample produces at the same RF power 50 W at L1 to 
L3, 75 W at L4 to L6 and 100 W at L7 to L9 have similar geometries and morphology character. 
This revealed that the radio frequency sputtering RF-power process parameter has the most 
significant influence on the morphological evolution of HA thin film coating. Though, the effect 
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of the sputtering deposition time cannot be neglected. Furthermore, due to the non-equilibrium 
deposition process employed, the process parameter effects on the morphologies are not the same 
for the HA coatings, and the behaviors of the microstructural evolution under different process 
parameters differ in morphology.  
The SEM results show that the samples have similar morphologies and geometry features such as 
nearly equiaxed uniform and homogenous with few pores for the coatings from L1 to L7. Figure 
4.1 of (L7 to L9) of RF power 100 W varying time of 1.5 h, 2 h, and 2.5 h. showed a less 
homogenous coating on the surface of the substrate and this can be attributed to the relatively low 
ion energies which give rise to a close packing procedure of the particles arriving on the surface 
of the substrate. Therefore, this reveals that the RF magnetron sputtering process parameters have 
critical effects on the deposition of thin-film coating. This difference in the morphology between 
the thin film coating should be a result of an alteration in the hydroxyapatite target state during 
depositions [103]. Also, the microstructure shows a different size of particles intermingled together 
and the homogenous of the HA thin film coating will benefit the mechanical properties of the 
substrate material (stainless steel) as the target (HA) provides an osteophytes surface for the bone 
to bond, and it will be advantageous for bone implants application since this morphology can act 
as an anchorage for growth of tissues, helping it to combat atrophy in the bone [104].   
In Figure 4.2, the HA thin film coating component found in the EDS analysis confirms the presence 
of elements namely Fe, Cr, Ni, and C, Si, S, and Mn which are part of the stainless steel (substrate) 
and the HA component namely Ca, P, and O.  
In Figure 4.3, the SEM cross-sectional image of the HA coating deposition on the stainless steel 
via RF magnetron sputtering showed the surface of the substrate and at the other side showed the 








Figure 4.2 Energy Dispersive spectroscopy (EDS) analysis of hydroxyapatite coating on 




Figure 4.3 Cross-sectional of SEM image morphology of HA coating on stainless steel via 
RF magnetron sputtering 
 
4.2.2 X-RAY DIFFRACTION STRUCTURAL ANALYSIS 
 
The hydroxyapatite Ca5(PO4)3(OH) coating is denoted as hydroxyapatite Ca10(PO4)6(OH) 
crystallized in hexagonal form, with P63/m (176) space group, and the cell parameter is a = b= 
9.418 Å, c = 6.884 Å (γ = 120°) and density (c) – 3.08 with two formula units per cell. Figure 4.4 
presents the pattern of the x-ray diffraction of hydroxyapatite sputtered on a stainless-steel 
substrate. The software used to analyze the different peaks was JADE 5 and was plotted using the 
origin software application.   
The X-ray diffraction analysis of the HA (target) deposited on the stainless steel (substrate) 
demonstrated an amorphous HA coatings diffraction peak (Figure 4.4). The bold diffraction peak 
observed in the XRD result obtained is related to the stainless-steel substrate peak and it implies 
that the coatings are quite porous. Furthermore, all the observed peaks in the XRD result are 
ascribed to the hydroxyapatite phase and others are for the stainless steel (substrate) itself, 
confirming that pure apatite phase was achieved in the coating [89]. All the film for the sample 
tested for the sputtered HAP on stainless steel exhibit eight (8) strong lines diffraction peaks of 
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amorphous HA thin-film namely (022), (211), (112), (202), (301), (222), (213) and (304) in Figure 
4.4.  Furthermore, the four main diffractions crystallized peak on the HA on stainless steel thin 
film represented as (1) in the orientation planes shows the influence of the material of the substrate 
(stainless steel) on the crystalline diffractogram. It is no doubt that the stainless-steel material 
(substrate) for the HA coating possesses a significant role in the deposition process. This is can be 
from the difference in the properties of the samples and the RF process parameters that played an 
important role in the kinetic and thermodynamic behaviors of the deposited coating. Also, slightly 
broadened hydroxyapatite peaks were discovered which indicate the coatings are nano-crystallized 
structures.  
In Figure 4.4, the result from the X-ray diffraction patterns of the HAP coating shows the coating 
at (L1 to L3) of 50 W RF power possess the lowest HAP peak, and the coating at (L7 to L9) of 
100 W RF power has the highest diffraction peak, therefore, the increases in the RF – power 
process parameter led to an increase in the HAP film diffraction peak. Also, the result shows as 
the deposition time sputtering increases, it led to increases in the thickness of the HAP coating. 
Therefore, regardless of the deposited time varied, the RF power process parameter has the most 
significant influence on the coatings.  
Furthermore, the coated HA peak structure corresponded to the crystallize HA structure (PDF no. 
09-0432), according to the International Center for Diffraction Data (ICDD) [105][106] and in 
comparison with the NIST standard of the HA sample [107][108]. Chennah et al. [109] discovered 
when depositing hydroxyapatite thin film coating on stainless steel, the intensity of the 
characterized crystalline peaks of HA coating increased, while the FWHM’s (substrate) decreases 




Figure 4.4 X-ray diffraction patterns of sputtered thin films coating of Hydroxyapatite on a 
stainless-steel substrate 
 
Further investigation was extended to determine the crystallinity of the HA coatings on all the 
samples, in which the 2-theta angle and the full width at half maximum (FWHM) for the diffraction 
peaks were used to determine the structural parameters (such as crystallite size (C), dislocation 
density (𝛿) and the microstrain ( )) deposited via RF magnetron sputtering using different process 
parameters are presented in Table 4.1. The grain size of the HA coating was calculated using 
Debye-Scherrer and presented in Table 4.1. The HAP coating on stainless steel showed an increase 
in the crystalline size as the RF power increase. It is thought that the microstrain has effects on the 
properties and structures of the coatings while the dislocation density is the dislocation lines length 
per unit volume and was presented in Table 4.1 The microstrain and the dislocation density of the 
HA thin film coating on stainless steel was also calculated. The result of the microstrain and the 
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dislocation density showed the difference in the behavior pattern of the HA thin film coating 
variance. The dislocation density of the coating reduces as the deposition parameters increases 
which indicate a reduction in the lattice deficiency and have stronger crystallinity.  
 
Table 4.1 XRD structural properties of the hydroxyapatite on stainless steel thin film 
coatings via RF – magnetron sputtering 







Micro strain ( ) 
L1 25.6647 0.352 0.4947 4.0862 0.0701 
L2 24.8699 0,329 0.4355 5.2726 0.0796 
L3 25.6594 0.328 0.4892 4.1786 0.0709 
L4 25.7306 0.239 0.5842 2.9301 0.0593 
L5 25.0348 0.271 0.5141 3.7835 0.0674 
L6 25.6838 0.311 0.5228 3.6587 0.0663 
L7 25.6898 0.321 0.5098 3.8477 0.0680 
L8 25.6395 0.313 0.5062 3.9026 0.0685 
L9 25.7048 0.344 0.4789 4.3602 0.0724 
 
Generally, HAP thin film coating crystallinity can be controlled by the heat treatment process 
which was not considered in this research work. Also, various Ca/P bioceramics behaviors of 
precipitation/dissolution are affected by their crystallinity and chemical structure of the coatings 
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[82]. HAP films in the body with lower crystallinity may accelerate to dissolution and result in the 
film disappearance before the bone tissue bonding occurs at the early stage of bone implants 
[110][111].  
 
4.2.3 ATOMIC FORCE MICROSCOPE ANALYSIS OF HAP COATING ON 
STAINLESS STEEL AISI 304 
 
The BRUKER Atomic force microscopy was used to observe the topology of HA thin film 
deposited on stainless steel AISI 304. The representative 3D profiles and the surface roughness 
measurement of the scanned HA thin film coating on stainless steel by AFM from L1 to L9 are 
presented in Figure 4.5 and HA coating roughness surfaces were measured and presented in Table 
4.2. The data presented are the averaged roughness (Ra) the root-mean-square roughness (Rq/rms), 
the skewness (Rskw), and the Kurtosis (Rkt).  
The AFM image revealed glaring and distinct topologies and morphologies that cannot be revealed 
by the SEM image. The AFM surface profile showed the coating surface grain is well-formed with 
irregular shapes and unclear grain boundaries with different grain sizes. In figure 4.5. the L1, L2, 
and L3 sample of the lowest RF power of 50W at 1.5 h, 2 h, and 2.5 h seems to have a well-formed 
surface and exhibits some grooves as the deposition time increases. At L4 and L5 of 75 W RF 
power of 1.5 h and 2 h deposition time, respectively shown the grain become clearer with a periodic 
high peak which was also reported from Table 4.2 that the surface roughness reduces as the RF 
power increases. Furthermore, coating L7 to L9 of 100 W at 1.5 h, 2 h, and 2.5 h, respectively 
showed some scratches and low valley due to their inhomogeneous profile of the coating. Thus, it 





























Table 4.2 The AFM data of the HAP thin film coated on the stainless steel AISI 304 from L1 
to L9 result 







L1 0.0123 0.0212 0.63 2.94 
L2 0.0103 0.0147 0.25 3.79 
L3 0.0123 0.0147 0.13 2.39 
L4 0.00158 0.00205 0.10 3.79 
L5 0.00178 0.00252 -0.57 7.91 
L6 0.0058 0.0079 -0.37 5.55 
L7 0.00142 0.00179 -0.57 3.86 
L8 0.00225 0.0371 0.57 3.44 
L9 0.00272 0.00394 0.48 4.47 
 
The obtained results in the Table 4.2 revealed that the roughness of the coating reduces as the RF-
power of the sputtering process parameters increases showing that RF-power is a significant 
process parameter in the HA coatings. Also, the root-mean-square (RMS) and the roughness 
analysis showed that the deposition time has little effect on the coating. The smoothness of L1 to 
L9 correlate with the image acquired with SEM.  
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The topography result obtained from the AFM analysis and presented in Table 4.2 shows that the 
50W RF-power (L1, L2, and L3) has the maximum surface roughness, and the 100W (L7, L8, and 
L9) has the lowest minimum surface roughness. In Table 4.2. the result obtained for skewness and 
kurtosis shows that as the deposition parameters increase the skewness increases positively and 
higher kurtosis is discovered which led to the enhancement of the coating. Because the surface of 
the film with positive value skewness (Rsk > 0.2) and high kurtosis value of (Rku > 3) is suitable 
for tribological application such as low-friction bearings. Thou, low surface roughness has been 
reported to yield a low coefficient of friction and high wear resistance.   
 
4.2.4 HARDNESS BEHAVIOURS OF HA COATING ON STAINLESS STEEL 
CHARACTERIZATION  
 
The Vickers hardness testing was employed to evaluate the HA thin film coating tendency to resist 
plastic deformation. The load was applied without impact, forcing the diamond indenter into the 
samples. The Vickers diamond produced a square-based pyramid shaped with the dept of the 
indentation before it was fully uploaded. The indenter physical quality of the applied load accuracy 
was controlled to have the correct result. The hardness results are presented in Table 4.3 and Figure 
4.6. The results show that the hardness of the HA coating on stainless steel possessed better 
enhancement than the base material which has a hardness of 157. 3 Hv. Furthermore, the result 
reveals that the coating at 50W RF-power (L1, L2, and L3), process parameter increases as the 
time of the deposition increases. This is due to the fact that as time increases the thickness of the 
coating increases. Thicker coatings can resist deformation as compared to thin-film coating Also, 
the coating L1 (50W RF-power at 1.5 hr. deposition time) has the minimum hardness of 161.8 Hv 
and the sample L9 (100W RF-power at 2.5 hr.) has the highest hardness value of 196.5 Hv. This 
result shows that as the sputtering RF-power process parameter increases, its susceptibility of the 
sample to plastic deformation reduces. Therefore, regardless of the deposition time, the coating 
deposited at the RF power process parameter has a similar hardness which shows that the RF-
power influences the coating most.  
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Table 4:3 The result of HAP coating on stainless steel AISI 304 from (L1 TO L9) Vickers 
Hardness testing 














Figure 4.6: Plot of Micro-Hardness of the HAP thin film coating from (L1 TO L9) 
 
4.3 MACROSCRACH WEAR TEST OF HAP COATING ON STAINLESS 
STEEL 
 
To get tribological properties behaviors of the sample, a macro scratch test was undertaken. The 
statistical result of the macroscratch test is presented in Table 4.4 for the HAP coating on stainless 
steel. The test was taken by varying balls such as 5N, 7.5N, and 10N for all the samples. The 
coating friction behavior was determined by measuring the coefficient of friction of all samples 
L1 to L9. The HAP-coated on stainless steel coefficient of friction for the sample L1 to L9 and the 
varied load 5 N, 7.5 N, and 10 N is presented in Figure 4.7 and Figure 4.8, respectively. Therefore, 
from the result in Figure 4.7 of the macroscratch coefficient of friction, the result revealed the 
coating exhibits a similar character from the macroscratch test for all the samples without a sudden 
drop in the coefficient of friction. In Figure 4.8, the result revealed that an increase in the applied 
load (5 N, 7.5 N to 10 N) under the same velocity and sliding distance in room temperature led to 
the increase in the wear coefficient of friction (CoF) of all the coating and remain constant after 
reaching the maximum value with no sudden drop observed. 
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In addition, the coatings wear rate increases as the time increase for all specimen, this is certainly 
because more time of friction tends to remove more materials from the surface, and it is attributed 
to increases in the materials plastic deformation on the surface, and particle pull out.                                                                                                                                       
To have further insights on the coatings tribology behavior, and to compare the wear data and 
measure the rate of the wear for all the samples. The wear volume, wear rate, and wear resistance 
results for the HAP thin film coating on stainless steel AISI 304 were presented in Table 4.4. This 
wear data was obtained from the Rtec Universal linear reciprocating ball-on-disk tribometer.  
Table 4.4 the macroscratch wear volume, wear rate and wear resistance result of HAP 
coating on stainless steel 





























































































































































Figure 4.9 3D image of the wear scar effect of load on the HAP coatings on stainless steel 









Figure 4.9 present the 3D image of the wear scar of samples exposed to wear at different loads. 
The wear 3D image of the HAP coating showed evidence of abrasive wear mechanism due to the 
profound ploughed groove from the interaction and reciprocation of the aluminum ball on the 
surface of the sample. However, as the load is increased, the groove size increases. this implies 
that as the load increases, the material wears rate increases while the resistance to the wear of the 
material reduces. 
Figure 4.10 presents the Optical image of the macrostratch wear scar of HAP thin film coating on 
stainless steel AISI 304. The result obtained showed that the wear scar is an abrasive wear 
mechanism that is caused by the contact between the ball and the HAP-coated samples which form 
a ploughed groove on the wear track.  
 Figure 4.11 shows the plot of the coefficient of friction of deposited HAP thin film on stainless 
steel AISI 304 for the different load of 5N, 7.5N, and 10N. The coefficient of friction for the load 
increases as the load increases which is due to more weight of the load causing more scar to the 
sample. It is also shown that the coefficient of friction decreases as the power increases. The CoF 
of the coatings also decreases as the sputtering time increases.  
Figure 4.12 shows the relationship between the coating process parameters of time and power on 
the wear rate of HAP coatings on stainless steel AISI 304 at 5N load.  The result revealed that the 
HAP coating suffers more wear rate at 2.5 hrs., and the coating at 2 hours possessed the lowest 
rate of wear. Furthermore, the chart revealed that the HAP-coated samples at 50 RF power suffered 
more rate of wear and as the power increases the coated sample at 100 RF power possessed the 




Figure 4.11 plot of coefficient of friction of deposited HAP thin film on stainless steel AISI 
304 using a different load of 5N, 7.5N, and 10N. 

































Figure 4.12 Plot of the time and power wear rate effect on HAP thin film coating on 






























4.4 CORROSION PERFORMANCE ANALYSIS 
 
Measurement of Polarization gives the information of the corrosion kinetic reactions [112][113]. 
Potentiodynamic polarization test was carried out in a simulated saline medium of 3.5% NaCl to 
assess the corrosion behavior of HAP thin film on AISI 304 stainless steel. The Tafel plot (cathodic 
and anodic polarization curves) presented reveals that the HA coatings seem to exhibit passive-
transpassive behaviour inferred via the large passive of the relatively current density. 
Transpassivation results in increased anodic current density [114]. In several cases, an increase in 
the anodic current density and increases in electrode potentials are regarded as trans passivation 
onset indicators [115]. While the cathodic curve branches showed a mainly kinetic controlled 
cathodic reaction. 
The corrosion parameters such as corrosion potential (Ecorr), current density (Icorr), corrosion 
rate (mm/yr.), and polarization resistance (Rp) were examined from the Tafel extrapolation 
process. The result and outcome of the polarized coatings are presented in Table 4.5.   
The corrosion potential (Ecorr) and the current density (Icorr) are significant corrosion parameters 
used to analyze samples for their corrosion behavior in the simulated body fluid [116]. The 
corrosion potential (Ecorr) value is the thermodynamic indication of the resistance to corrosion on 
the surface, and the higher the corrosion potential value represents the ability of higher anti-
corrosion. The corrosion potential shift towards noble potential, an indication of low susceptibility 
to corrosion, while the current density is the kinetic parameter to quantify the corrosion rate and 
the larger current density represents the higher rate of corrosion [117][118][119].  Additionally, 
the sample polarization resistance was calculated. The resistance of the polarization is the potential 
versus the current plot slope in the corrosion potential vicinity. The polarization resistance was 
calculated using the equation below. 
                  Polarization resistance (Rp) = 
𝛽𝑎𝛽𝑐
2.3𝐼𝑐𝑜𝑟𝑟(𝛽𝑐+𝛽𝑐)
                      4.1 
Where: βa and βc are the anodic and cathodic Tafel constants 
              Icorr = corrosion current 
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The polarization resistance of a material is a significant kinetic parameter that can be used to 
characterize the material corrosion behaviours and provides rapid means of determining the metal 
corrosion instantaneous rate. A high polarization resistance denotes a low rate of corrosion.  
Figure 4.13 and Table 4.5 show the data of the corrosion Tafel polarization graph for HA thin film 
coating on stainless steel in 3.5 % NaCl for 50W RF-power (L1, L2, and L3) for deposition time 
of 1.5 hr., 2 hr., and 2.5 hrs., respectively. The coating L1 of 50 W at 1.5 h shows the corrosion 
potential (Ecorr) value is at -0.86 V and has the minimum corrosion current (Icorr) value is 9.23E-
05 A/cm². It can be seen that the coating experienced pseudo-passivity behaviors over the potential 
range observed at the high current density and has the highest polarization resistance (Rp) of 
952.87 Ω and the lowest corrosion rate of 1.0719 mm/year. Furthermore, fluctuations could be 
observed at the anodic branch, an indication of the active-passive response of the sample.  
The sample L2 of 50 W at 2 h reveals that the corrosion potential (Ecorr) value is -0.61 V, corrosion 
current (Icorr) value is 10.56E-05 A/cm², the polarization resistance (Rp) of 717.37 Ω and the 
corrosion rate of the coating increases to 1.2267 mm/year. Furthermore, the coating L3 of 50W at 
2.5 h shows that the corrosion potential (Eccor) is -0.85 V, corrosion current (Icorr) value is 
10.34E-05 A/cm², the polarization resistance (Rp) of 426.23 Ω and corrosion rate of 1.2014 
mm/year. Therefore, the result obtained revealed that at 50W RF- power, the polarization 





Figure 4.13 Plot of Tafel polarization curve of HAP thin film of 50W RF-power at (L1) 90, 
(L2) 120, and (L3) 150 mins 
Figure 4.14 shows data of the corrosion Tafel polarization graph for HA thin film coating on 
stainless steel in 3.5 % NaCl for 75W RF-power (L4, L5, and L6) for deposition time of 1.5 hr., 
2hr and 2.5 hrs. The coating L4 of 75W at 1.5 h showed that it possesses the highest corrosion 
potential (Eccor) value is of -0.217 V, corrosion current (Icorr) value is 12.61E-05 A/cm², has the 
lowest polarization resistance (Rp) of 181.86 Ω and corrosion rate of 1.4649 mm/year. While the 
L5 coating of 75W at 2 hr. result showed the corrosion potential (Eccor) value is -0.891 V and it 
possesses the highest corrosion current (Icorr) value of 18.06E-05 A/cm², polarization resistance 
(Rp) of 420.89 Ω and has the highest corrosion rate of 2.0982 (mm/year). This means the sample 
has the highest tendency of corrosion rate. Furthermore, the L6 coating of 75W at 2.5 hrs. revealed 
the coating has the lowest corrosion potential (Eccor) value of -0.94 V, corrosion current (Icorr) 






 Figure 4.14 Plot of Tafel polarization curve of HA coating for 75W RF-power at (L4) 90, 
(L5) 120, and (L6) 150 mins 
The corrosion result for the coating L7, L8, and L9 of 100W RF-power at 1.5, 2, and 2.5 hr. 
respectively is shown in Figure 4.15. The results obtained shows that the corrosion potential 
(Eccor) value is at -0.48, -0.79, and -1.02 V, the corrosion current (Icorr) value is 15.99E-05, 
10.72E-05, and 9.02E-05 and corrosion rate of 1.8586, 1.2457, and 1.0485 mm/year, respectively. 
The result reveals that the polarization resistance of the HAP coating decreases as the deposition 
time increases. Overall, the result of the corrosion rate of the HAP coating revealed that the 50W 





Figure 4.15 Plot of Tafel polarization curve of HAP coating for 100W RF-power at (L7) 90, 
(L8) 120, and (L9) 150 mins 
Figure 4.16 and Table 4.4 show the HAP coating of L1 to L9 related curves of potentiodynamic 
polarization results. The HAP coating sample with the highest value of Ecorr is sample L4, while 
sample L9 is the sample with the lowest Ecorr. Also, all the coatings Icorr vary from 9.02E-05 to 
18.06E-05 mA/cm2 and Ecorr vary between -0.21 to -1.03 V. The cause of the highest corrosion 
potential may be ascribed to the microstructure morphology result from the SEM in figure 4.1 of 
the coated material, which shows sample L4 possesses a dense and homogenous coating while L9 
possesses a non-homogenous coating as shown in Figure 4.1. In their report, Mohajernia et al. 
[120] also reported that coating HAP with higher phase purity enhanced the corrosion resistance 
as well as the bioimplant's biological performance. The homogenous structure could reorganize 
the flow of current to remove the concentration of current at the small pinholes and avert the rapid 





















Table 4.5 Corrosion Parameters of HAP thin film on stainless steel AISI 304 coatings 
 















L1 -0.8626 -0.86378 9.23E-05 1.0719 952.87 
L2 -0.60902 -0.60755 10.55E-05 1.2267 717.37 
L3 -0.85337 -0.84789 10.34E-05 1.2014 426.23 
L4 -0.21388 -0.217 12.61E-05 1.4649 181.86 
L5 -0.87887 -0.891 18.06E-05 2.0982 420.89 
L6 -0.95502 -0.9425 11.26E-05 1.3088 532.1 
L7 -0.52289 -0.48447 15.99E-05 1.8586 759.69 
L8 -0.81733 -0.79656 10.70E-05 1.2457 722.55 









4.5 SECTION B. TAGUCHI ANALYSIS  
 
Section B of this chapter presents the output response of the optimization. The optimized responses 
are the HAP thin film coating surface roughness obtain from the AFM, wear rate obtained from 
the macroscratch analysis, and the corrosion rate obtained from the corrosion test. Hence, this 
output rationale is due to their significance to the HA thin film properties. 
 
4.5.1 ANALYSIS OF THE SIGNAL NOISE (S/N) RATIO   
 
The Hydroxyapatite thin film coating on stainless steel AISI 304 signal noise (S/N) ratio and the 
main effect plots for surface roughness, wear rate, and the corrosion rate is presented later in this 
section. The three-output response of the sputtering process parameter such as surface roughness, 
wear rate, and the corrosion rate is calculated using the smaller is a better condition for the signal-
noise ratio and main effect Taguchi plots. The analysis of the experimental average means value 
response and the S/N ratio average mean value for the responses are analyzed and presented in 
Table 4.6. was implemented with the MINITAB 17 software package that is a powerful statistical 
software for statistical analysis that gives standard statistical method, ANOVA, quality control 
chart design of experiment, excellent graph and much more,  
According to the analysis of Taguchi, the optimum levels of the S/N ratio factors can be determined 
in the graphs below by considering the maximum points by Taguchi for “the smaller is the better” 
performance characteristic. The main effect plot for the mean response corresponds with the 
minimum main effect plot. The main effect plot for output response of the S/N ratio of the surface 
roughness are shown in Figure 4.17, the processes parameter for the optimal level were obtained 
at (P3T1), that is 100 W RF power (level 3), sputtering time of 1.5 hrs (level 1). Figure 4.18 shows 
the process parameters for the wear rate optimal parameters were obtained at (P3T2), that is 100 
W RF-power (level 3), sputtering time of 2 hrs (level 2). Figure 4.19 shows the process parameters 
for the corrosion rate optimal parameters were obtained at (P1T3), that is 50W RF-power (level 
1), sputtering time of 2.5 hrs (level 3). From Taguchi parameter design the optimum parameter 
levels obtained with mean of S/N ratio and mean of means were also the same.  
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Based on the ANOVA analysis of the S/N ratio and mean for surface roughness, wear rate, and 
corrosion rate, it is found out that the RF-power is the most significant parameter affecting the 
coating properties in this study. Furthermore, the output response variation with the independent 
sputtering process parameters is represented using the surface contour plot shown in figure 4.20. 
The surface contour plot shows the graphical representation of the relationships between two 
numeric variables (two independent sputtering process parameters and one response output) in two 
dimensions. The contour plots show the non-linear relationship between the sputtering process 
parameters and output responses. The 100 W RF-power region had a better response for two of 
the response outputs. It was noted that the RF power has the most effect on the response, followed 
by the sputtering time. 
 



















 rate  
WR 
S/N 













L1 50 1.5 0.01230 38.2019 0.01230 0.0009554 60.3963 0.0009554 1.0719 -0.60309 1.0719 
L2 50 2.0 0.01030 39.7433 0.01030 0.0004873 66.2441 0.0004873 1.2267 -1.77477 1.2267 
L3 50 2.5 0.01230 38.2019 0.01230 0.0004915 66.1695 0.0004915 1.2014 -1.59375 1.2014 
L4 75 1.5 0.00158 56.0269 0.00158 0.0003837 68.3202 0.0003837 1.4649 -3.31616 1.4649 
L5 75 2.0 0.00178 54.9916 0.00178 0.0003309 69.6061 0.0003309 2.0982 -6.43694 2.0982 
L6 75 2.5 0.00580 44.7314 0.00580 0.0004699 66.5599 0.0004699 1.3088 -2.33747 1.3088 
L7 100 1.5 0.00142 56.9542 0.00142 0.0001328 77.5360 0.0001328 1.8586 -5.38372 1.8586 
L8 100 2.0 0.00425 47.4322 0.00425 0.0002089 73.6012 0.0002089 1.2457 -1.90827 1.2457 





Taguchi Analysis: surface roughness versus RF power, deposition time 
 
Response Table for Signal to Noise Ratios 
Smaller is better. 
 
                 deposition 
Level  RF power        time 
1         38.72       50.39 
2         51.92       47.39 
3         51.90       44.75 
Delta     13.20        5.65 
Rank          1           2. 
 
 
Response Table for Means 
 
                 deposition 
Level  RF power        time 
1      0.011633    0.005100 
2      0.003053    0.005443 
3      0.002797    0.006940 
Delta  0.008837    0.001840 






Figure 4. 17 Effect of Process Parameters on the average (a) signal-to-noise ratio for the 





Taguchi Analysis: wear rate versus RF power, deposition time  
Response Table for Signal to Noise Ratios 
Smaller is better. 
 
                 deposition 
Level  RF power        time 
1         64.27       68.75 
2         68.16       69.82 
3         75.76       69.62 
Delta     11.49        1.07 
Rank          1           2 
 
 
Response Table for Means 
 
                 deposition 
Level  RF power        time 
1      0.000645    0.000491 
2      0.000395    0.000342 
3      0.000166    0.000373 
Delta  0.000479    0.000148 





Figure 4. 18 Effect of Process Parameters on the average (a) Signal-to-noise ratio mean (b) 





Taguchi Analysis: corrosion rate versus RF power, deposition time  
Response Table for Signal to Noise Ratios 
Smaller is better. 
 
                 deposition 
Level  RF power        time 
1        -1.324      -3.101 
2        -4.030      -3.373 
3        -2.568      -1.448 
Delta     2.706       1.926 
Rank          1           2. 
 
 
Response Table for Means 
 
                 deposition 
Level  RF power        time 
1         1.167       1.465 
2         1.624       1.524 
3         1.384       1.186 
Delta     0.457       0.337 
Rank          1           2. 
 
 
Figure 4. 19 Effect of Process Parameters on the average (a) Signal-to-noise ratio for 







Figure 4.20 Surface Plot of the output response for (a) Surface roughness, (b) Wear rate (c) 



























































































4.5.2 ANALYSIS OF VARIANCE (ANOVA) 
 
 
The ANOVA was employed to determine the RF sputtering process parameters' effects on the 
output response. This was carried out with a 95 % confidence level and 5 % significant level. The 
analysis of variance result consists of the degree of freedom (DF), the sum of the square (Seq SS), 
mean square (Adj MS), F-value (F), and percentage of the contribution (P). In the ANOVA result, 
the control factor F-value is compared to know the significance of each control factor. Therefore, 
the higher the F value, the higher the influence of the factors on the result. The F-ratio is the ratio 
between the experimental error mean square. Also, if P-value is less than 0.05, it indicated the 
parameter has the highest contribution rate. The result of the ANOVA for the output of the coatings 
is presented in Table 4.7. It shows the RF-power process parameter of RF-sputtering has the 
highest rate of contributions on the surface roughness, wear rate, and corrosion rate of the coatings. 
 
Table 4.7 Results of ANOVA for the output response of HAP thin-film coatings. 
 
Analysis of Variance for SN ratios surface roughness  
 
Source           DF  Seq SS  Adj SS  Adj MS     F      P 
RF power          2  253.36  253.36  126.68  9.38  0.031 
deposition time   2   84.19   84.19   42.09  3.12  0.153 
Residual Error    4   54.03   54.03   13.51 
Total             8  391.57 
 
 
Analysis of Variance for SN ratios for wear rate 
 
Source           DF   Seq SS   Adj SS   Adj MS      F      P 
RF power          2  204.761  204.761  102.380  12.33  0.019 
deposition time   2    1.932    1.932    0.966   0.12  0.893 
Residual Error    4   33.209   33.209    8.302 
Total             8  239.902 
 
 
Analysis of Variance for SN ratios corrosion 
 
Source           DF  Seq SS  Adj SS  Adj MS     F      P 
RF power          2  11.010  11.010   5.505  1.34  0.359 
deposition time   2   6.517   6.517   3.258  0.79  0.513 
Residual Error    4  16.461  16.461   4.115 








The hydroxyapatite thin film coatings characterization result obtained, and the analysis of 
Taguchi optimization was discussed in this chapter. The experimental characterization has 
revealed that the hydroxyapatite thin film coating on the stainless steel improved the surface 
properties such as wear resistance, corrosion resistance and mechanical properties. Additionally, 
the homogenous distribution of the HA thin film coating will benefit the stainless steel 
mechanical properties as the hydroxyapatite provides an osteophytic surface for the bone to 
bond. Also, the adequate bonding of the thin film coating provides an anchorage for growth of 
tissues, hence, it can help it to combat atrophy in the bone...  Furthermore, the RF magnetron 
sputtering is influenced significantly by the RF power and the sputtering deposition time. The 
structure evolution with this parameter has been detailed. It observed that the RF power process 
parameters are the most significant parameters for the HAP coatings growth and the deposition 
time influenced the film thickness and rate of deposition. 
However, various bio ceramic Ca/P behaviours of precipitation/dissolution are affected by their 
crystallinity and chemical structure of the coatings because HA films in the body with lower 
crystallinity may accelerate to dissolution and result in the film disappearance before the bone 
tissue bonding occurs at the early stage of bone implants. The next chapter will focus on the 






5 CONCLUSION AND RECOMMENDATIONS 
 
5.1 INTRODUCTION  
 
This project aimed to investigate the behavior of HAP (target) thin-film coating on stainless steel 
AISI 304 (substrate) using radio frequency magnetron sputtering. This chapter gives a summary 
of the conclusion drawn for the various characterization obtained from the sputtered HAP thin film 
coating. Taguchi analysis results used for the optimization of the HAP coating process parameters 
of RF magnetron sputtering are also presented. Recommendations for future work for the 
improvement of the coating qualities are advised and presented in the latter section of this chapter.  
 
5.2 CONCLUSIONS  
 
The thin-film coating is significant in technology in the modern era and is now great for advanced 
application coatings. Therefore, RF magnetron sputtering techniques are becoming more 
significant due to their several industrial, and technological applications.  In this research study, 
the radio frequency magnetron sputtering technique process was used to deposit nanostructured 
Hydroxyapatite (target) thin film on Stainless steel AISI 304 (substrate). Two important process 
parameters of radiofrequency magnetron sputtering namely sputtering time and RF power were 
varied to optimize the HAP thin-film evolving properties coatings. Different thin film 
characterization techniques were carried out on the samples and the result was discussed and 
presented in this thesis.   
The surface morphology via SEM showed that SEM image coating has similar morphologies and 
geometry features such as nearly equiaxed uniform and homogenous with all the coatings fully 
covered the substrate surface. The X-ray diffraction patterns of the HA coating show the coating 
at (L1 to L3) of 50 W RF power possess the lowest HAP peak and the coating at (L7 to L9) OF 
100 W RF power have the highest diffraction peak, therefore, the increases in the RF – power 
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process parameter led to increasing in the HAP film diffraction peak. Also, the result show as the 
deposition time sputtering increases it led to increases in the thickness of the HAP coating. 
Therefore, regardless of the deposited time varied, the RF power process parameter has the most 
significant influence on the coatings. The results obtained for the topography of the HAP coating 
revealed that the surface roughness of the coating reduces as the RF-power of the sputtering 
process parameters increases showing that RF-power is a significant process parameter and the 
root-mean-square (RMS) and the roughness analysis showed that the deposition time has little 
effect on the coating as the sputtering deposited at same RF power is similar. The electrochemical 
corrosion test shows that the HAP thin film coating performance of the anodic polarization is quite 
different, as the anodic polarization exhibits different performance with the coating showing more 
shift toward the positive potential as the RF-power sputtering parameter increased. Hence RF-
power sputtering parameter is the most effective on the coating. The result obtained from the 
macroscratch test for the tribological behaviour revealed that the HA-coated at 50 RF power 
suffered more wear rate and as the power increases the coated sample at 100 RF power possessed 
the lowest wear rate, which shows the wear rate of the coating reduces as the RF power increases. 
Also, it shows that the mechanical properties of the substrate also influence the tribology 
behaviour. The result obtained from the hardness revealed as the deposition time of the HA coating 
increases as the time of the deposition increases, which is because as time increases the thickness 
of the coating increases. Thicker coatings can resist deformation as compared to thin-film coating 
Also, the coating L1 (50W RF-power at 1.5 hr deposition time) has the minimum hardness of 161.8 
Hv and the sample L9 (100W RF-power at 2.5 hr.) has the highest hardness value of 196.5 Hv. 
This shows as the sputtering RF-power process parameter reduces its susceptibility of the sample 
to plastic deformation. Therefore, regardless of the deposition time varied, the coating deposited 
at the RF power process parameter have are similar, which show that the RF-power influence the 
coating most. 
Taguchi analysis was used to analyse the contribution of radio frequency magnetron sputtering 
process parameters on the output response. The optimization process revealed there is little 
variance in the deposition time output response and the magnetron sputtering RF-power process 
parameter is the dominant significant RF process parameter that influenced the integrity and 




5.3 RECOMMENDATION  
 
This research study tried to put justice to the project investigation about the radio frequency 
magnetron sputtering of HAP thin film on stainless steel AISI 304. However, there is always room 
for future research focusing on the following: 
➢ Substrate pre-and post-heat treatment can be done in the sample. Heat treatment has been used 
to fine-tune and modify materials properties to meet a desired characteristic behavior and may 
be applied in the thin-film coating.  
 
➢ Process parameters such as temperature, vacuum pressure, the distance between target and 
substrate, and tilt the target and substrate angle can be varied and optimized.  
 
➢ Other advanced characterization such as X-Ray Photoelectron Spectroscopy (XPS), 
Attenuated total reflection- Fourier transformed infrared (ATR-FTIR) can be carried out. 
 
➢ The magnetron sputtering deposition, the sputtering process parameters influence, and adatom 
growth are complex reactions that need more understanding. Deposition process simulation 
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